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Solvation forces in confined liquids have been studied using the atomic force microscope 
(AFM), and in particular using sample modulation techniques. Measurements involving 
liquids of differing molecular structure reveal force oscillations, which agree with 
computer simulations but can differ markedly from surface force apparatus (i.e. branched 
liquids) observations due to the smaller confinement area and the different chemical 
nature of the surfaces in AFM. Results show that surface roughness and liquid molecular 
structure can affect the magnitude of force measurements. Force measurements in 
solutions and liquid mixtures show that discrete co-existent molecular layers with one 
molecular species being preferentially adsorbed can form at the solid-liquid interface. 
High-resolution imaging showing in-plane ordering of the adsorbed layer is possible by 
controlling the force to within the measured force range of the first solvation layer. 





The understanding of force interactions between two surfaces is crucial when considering 
many diverse issues in science [1]. Regardless of the environment surrounding any 
particular physical system, different material systems first begin to interact with each other 
at their surfaces – that is at the interface between the materials. Inevitably, physical 
processes that occur at the interface related to the atomic scale mechanisms, energetics, 
structure, and dynamics become important to basic science and applied technological 
problems. The desire to understand interfacial processes has motivated much experimental 
and theoretical work in areas such as adhesion, contact formation, surface deformations, 
elastic and plastic response characteristics of materials, hardness, micro- and nano-
indentation, friction, lubrication and wear, fracture, modifications and manipulation of 
materials surfaces.  
Typically, the presence of a liquid “trapped” between two or more interacting surfaces is 
common to all these processes. It is well established that the physical properties of liquids 
can change drastically as the distance between the two confining surfaces approaches the 
molecular scale, greatly altering the force interactions between the two surfaces. The way 
the solid-liquid-solid cavity behaves can ultimately determine the overall properties of 
molecular and atomic self-assembly [2], biological and colloidal interactions [3], 
nanotribology (i.e. friction, lubrication and wear of surfaces in contact) [4] and 
nanorheology (i.e. material deformation) [5].  
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The present emphasis on the miniaturization of electronic devices and the emergence of 
nanoscale science and nanotechnology [6] following the development of 
microelectromechanical systems (MEMs) and nanoelectromechanical systems (NEMs) [7] 
has intensified the need to understand interfacial phenomenon and their related forces at 
the atomic level. Hence, it is clear that understanding the nature and behavior of liquids at 
the solid-liquid interface is necessary. Furthermore, emphasis must be placed on 
elucidating the effects of liquids trapped or confined at the solid-liquid-solid cavity in 
order to provide an understanding as to how such liquids can alter the forces interacting 
between two solid surfaces at the nanometer length scale. 
The impetus to observe and understand force interactions with high sensitivity and spatial 
resolution has led to the development of experimental techniques such as the surface force 
apparatus (SFA), as well as proximal probe techniques such as the scanning tunneling 
microscope (STM) and the atomic force microscope (AFM). The latter two techniques are 
collectively known as scanning probe microscopes (SPM) and have been widely used to 
explore the properties of liquids close to solid surfaces and/or to measure the forces of 
surface confined liquids. The modern SFA was developed in the 1970’s [8] and is 
commonly employed to study both static and dynamic properties of molecularly thin films 
sandwiched between two molecularly smooth mica surfaces [1]. The invention of the 
STM [9] in 1981, broke new ground as it enabled direct atomic scale measurements 
between a conducting tip and substrate thereby allowing scientists to view the behavior of 
molecules on surfaces for the first time [10]. The invention of the Atomic Force 
Microscope (AFM) quickly followed in 1986, providing a further method for measuring 
ultra-small forces between a probe-tip and either an electrically conducting or insulating 
substrate [11]. Meanwhile, significant theoretical breakthroughs have led to a clearer 
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understanding of the fundamental nature of bonding and interaction in materials. 
Advances in computer-based modeling and molecular dynamics (MD) simulation 
methods, has allowed for a more comprehensive theoretical approach to elucidating 
complex interfacial phenomenon with atomic resolution [5, 12].  
The combination of both experimental evidence and theoretical predictions show that 
liquids confined at small separations (a few molecular diameters) behave differently from 
the bulk liquid. These studies indicate that forces between two surfaces mediated by 
nanoconfined liquids can be oscillatory and can no longer be described by simplistic 
continuum theories [1]. The oscillatory force, also known as the “solvation” force, is 
brought about by the discrete ordering or structuring of liquid molecules under 
nanoconfinement and has been able to explain many interactions not predicted by 
continuum approaches [13].  
The main objective of this dissertation is to report on experimental findings pertaining to 
the solvation forces of confined molecular liquids obtained using a novel sample 
modulation AFM technique. The measurements resulting from this work will show to be 
comparable to existing SFA data, which validates the method’s utility in the measurement 
of forces in liquids. In addition, two new experimental observations not observed in SFA 
studies will be presented, namely i) the observation of an oscillatory force profile for 
squalane, a branched alkane, and ii) the observation of discrete co-existent molecular 
layers with one molecular species being preferentially adsorbed at the solid-liquid 
interface in solutions and liquid mixtures. It will be shown that in general the magnitude 
and quality of solvation force measurements result from structural commensurability 
between the liquid molecules and the underlying substrate lattice. AFM is capable of 
attaining high-resolution topographic images of the solid-liquid interface by controlling 
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the force to within the measured force range of the first solvation layer. The images show 
that in-plane ordering occurs for molecules which are commensurate with the underlying 
substrate lattice. These new observations highlight some advantages of using AFM in 
solvation force measurements compared to the SFA.  
 
1.2 Forces in Liquids 
For many years, it was believed that two principle forces operated between two surfaces in 
a liquid [14, 15] – the monotonically attractive van der Waals (vdW) force and 
electrostatic (“double-layer”) forces. For example, interactions between particles and 
surfaces were based on varying strengths of the two forces in which the adhesion between 
two particles or surfaces would be brought about if the van der Waals force were dominant 
while a repulsive double-layer force would keep them apart. These two forces acting 
together form the basis of the well-known Derjaguin-Landau-Verwey-Overbeek, or 
DLVO theory [1]. The DLVO theory has provided the main theoretical framework for 
analyzing the dispersion properties of colloids and biomolecular systems since the 1950’s. 
Both the van der Waals force and the double-layer force are long range interactions well 
described by continuum theories (the “Lifshitz theory” for the van der Waals force [16] 
and the Poisson-Boltzmann equation for the double-layer force [1]) beyond separations of 
about ten molecular diameters.  
More recently, experimentations with new techniques such as the SFA have revealed that 
other types of more complex forces can also arise in liquids in the short-range i.e. at 
surface separations of a few nanometers or a few molecular diameters. These forces can be 
monotonically attractive, monotonically repulsive, or oscillate between varying degrees of 
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attraction and repulsion. This variety of force behavior arises partly because liquids 
undergoing increasing confinement cease to behave as a structureless continuum with 
properties determined solely by the bulk properties. In the short range, structural 
properties such as the size and shape of the liquid molecules begin to play an important 
role in determining the overall force interaction. The confining surfaces themselves can no 
longer be treated as inert, structureless walls. Instead, the physical and chemical properties 
of the surfaces at the atomic scale have to be taken into account. Thus, the force laws may 
include surface effects such as whether the surface lattices are commensurate, whether the 
surfaces are amorphous or crystalline, rough or smooth, rigid or soft or fluid-like. 
The steric or fluctuation force [1] arises from the thermal motions of protruding head 
groups or the thermal fluctuations of flexible fluid-like interfaces (e.g. surfactant or lipid 
bilayers). The fluctuation force is short range, usually repulsive, and very effective at 
stabilizing the attractive van der Waals force at some small but finite separation by 
reducing the adhesion energy or force. Fluctuation forces occur typically at surface 
structures such as micelles, vesicles, lipid bilayers, microemulsion droplets, surfactant-
coated colloidal particles, and biological membranes in aqueous solutions [1].  It is mainly 
due to the presence of the fluctuation force that fluid-like micelles and bilayers, biological 
membranes, emulsion droplets (in salad dressings) or gas bubbles (in beer) adhere to each 
other only very weakly [1]. 
The solvation force is a short-range force associated with the structuring of liquid 
molecules confined within a solid-liquid-solid cavity. Liquid molecules confined in a tight 
space cease to behave as a structureless medium. For example, if the liquid is confined 
between two molecularly smooth surfaces, the liquid may order into quasi-discrete layers 
between the surfaces. If the separation between the surfaces is now reduced to within a 
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few molecular diameters, the force between the two surfaces is no longer a smoothly 
varying monotonic attraction as expected for van der Waals forces. There now arises an 
additional force, which can oscillate with distance with a periodicity equal to some mean 
dimension σ of the liquid molecules [17]. The solvation force is strongly determined by 
the geometry of the confining surfaces and the liquid molecules, and in particular a high 
degree of symmetry is required to observe oscillatory behavior [1]. SFA data shows that 
surface roughness of only a few angstroms is sufficient to eliminate any oscillatory 
component of the force law [18]. Similarly, it has been shown that branched liquid 
molecules (i.e. asymmetric molecules) or the presence of contamination can weaken the 
structuring of liquid molecules and erase oscillatory behavior [19].   
The significance of the solvation force is reflected when it is required to explain various 
effects not predicted by DLVO theory. For example, the separation of colloidal particles in 
solution in the absence of any net surface charge is one such effect [13]. It has also been 
observed in nanotribology that there is a strong correlation between the boundary 
lubrication behavior of a system and the solvation force [20-22]. More recently, it has 
been suggested that oscillatory solvation forces may prove to be a general phenomena in 
high-resolution non-contact AFM imaging in liquids [23, 24]. In addition, the interfacial 
structuring of water, also known as hydration and measured as the hydration force, is 
relevant in biological and colloidal interactions [3]. 
 
1.3 Experimental: SFA, AFM and STM 
The most straightforward way to measure the force interactions between two surfaces 
immersed in a liquid, is to suspend one surface on a spring and directly measuring the 
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forces that influence the suspended surface as the surfaces approach or retract from each 
other. This method applies at the microscopic or molecular level and forms the basis of 
force measuring instruments such as the SFA and the AFM. 
The introduction of the SFA in the 1970’s allowed direct measurements of the full “force 
laws” (force versus distance “between surfaces”) between a variety of surfaces immersed 
in vapors and liquids [1, 13] to be made. Typically, the SFA measures the interaction of 
two molecularly smooth mica surfaces arranged in a cross-cylindrical geometry (Figure 
1.1) [8]. The optical technique of SFA measurements employs multiple beam interference 
fringes, allowing the surface separation to be measured within ±1Å. Information on the 
contact area and surface deformation brought about by surface-surface interactions is 








Figure 1.1: Schematic diagram of the Surface Force Apparatus (SFA). Two round  shaped 
cylinders are mounted on stiff springs (Kn and Ks). The separation of the surfaces at the 
contact area (D) is measured by light interferometry. Here, the normal force (Fn) is found 
as Fn=KnD. The lateral force (Fs) can also be measured by moving the surfaces relative to 
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original design of the SFA was implemented to measure the static force between surfaces 
separated by liquids [8]. Improvements have been developed such that at present, the SFA 
is capable of carrying out static and dynamic measurements of hydrodynamic forces, 
viscous forces, friction forces and lubrication forces [25]. Forces between surfaces such as 
sapphire [26] and silica [27], as well as adsorbed polymers layers on mica [28], and 
surfactant monolayers [13] have been measured successfully using the SFA setup. 
Subsequently, a diverse range of force laws and interactions have been studied by the 
SFA. These include DLVO forces, solvation and hydration forces, steric forces, adhesion 
and capillary forces [1, 13].  
The design of the atomic force microscope (AFM) [11] is shown in Figure 1.2. A sharp tip 
(radius of curvature ~10nm) is fabricated on the end of a cantilever beam (typical 
dimensions 100µm long, 30µm wide and 2µm thick). The tip is brought up to a sample 
surface and forces acting on the tip apex cause the cantilever to bend or twist. The 
movement of the cantilever can be measured and from this the forces acting can be 
evaluated, providing that the spring constants of the cantilever are known. In this way, 
surface forces between the AFM tip and the sample surface can be found in a manner 
similar to SFA. Details of AFM force measurements are given in Chapter 3. Briefly, the 
cantilever movement is measured optically as shown in Figure 1.2. A laser is focused onto 
the cantilever and the reflected light is measured by a segmented photodiode. By 
measuring the photocurrent in each segment (IA, IB, IC, ID) and with subsequent arithmetic 
processing, the relative deflection of the cantilever can be found. For the measurement of 
surface forces, the heart of the AFM method lies in the nanometer-sized stylus or tip and 
the spring constant of the cantilever, which can be controlled by tuning its physical 
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dimensions. For example, the force acting between the tip and sample in the direction (z) 
normal to the surface can be found from Hooke’s Law: 
 
zkF c ∆•=           (1.1) 
 
where kc is the cantilever stiffness (spring constant) and ∆z is the deflection of the 
cantilever.  
Figure 1.2: Schematic representation of normal force induced deflection and friction force 
induced twisting of an AFM cantilever using the optical beam deflection technique. The 
intensity difference of the upper and lower segments of the photodiode (IA+B – IC+D) is 
proportional to the z-deflection of the cantilever. The difference in intensity between the 
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Several modes of sensors are available to detect cantilever displacement in AFM; these 
include electron tunneling [11], capacitance [29], homodyne interferometry [30], fiber-
optic interferometry [31], and laser beam deflection [32]. Most AFM designs utilize laser 
beam deflection (as in Figure 1.2) due to the ease of usage and this is the detection scheme 
used in this work. Besides measuring forces normal to the sample surface, lateral or 
friction force spectroscopy is possible by monitoring the twisting (or torque) of the 
cantilever while scanning laterally [33-35]. A combination of normal and lateral force 
techniques has been utilized in this work and will be described more thoroughly in 
Chapter 3.  
In comparison to the SFA, the AFM is advantageous in that it has the added versatility of 
operating in different environments such as in ultra-high vacuum (UHV), in ambient air, 
in liquids and electrochemical environments. Furthermore, AFM can be applied to both 
force measurements (also called force spectroscopy) and topographic imaging. The data 
generated from AFM force spectroscopy is normally represented and interpreted in the 
form of force-distance curves more commonly known as force curves. Forces can be 
directly measured from the static deflection of the cantilever or by oscillating the 
cantilever or sample assembly. In this manner, force measurements have been carried out 
for example on the Casimir force [36], van der Waals force [37], electrostatic force, and 
the binding force in covalent bonds [38].  
Topographic images can be produced by rastering the tip over a sample surface while 
simultaneously recording deflections of the cantilever. Several types of scanning modes 
have been developed for imaging purposes; these include contact mode, non-contact 
mode, tapping mode and force modulation mode [39]. Contact mode AFM involves 
rastering the cantilever across a surface while having the tip in mechanical contact with 
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the surface. Computer software is then used to generate images of the surface while the tip 
traces over it.  
Non-contact mode AFM involves oscillating the tip near resonance while the cantilever 
rasters across a surface. In this mode, variations in oscillation amplitude and phase or 
frequency are converted into images through computer software. Non-contact AFM has 
been used successfully in the imaging of crystalline surfaces with molecular and atomic 
resolution in UHV [40].  
Related to non-contact AFM is the technique called intermittent or tapping mode AFM. 
Oscillated near resonance, the cantilever is allowed to mechanically “tap” the surface on 
the downswing of an oscillation cycle. This non-destructive imaging mode is frequently 
used to scan soft surfaces since it does not generate any strong lateral forces.  
Oscillating the cantilever or sample off resonance at low frequencies enables images to be 
generated from the differences in force gradient or “stiffness” of surface features. This 
method of scanning, which is known as sample or force modulation [39, 41] has also been 
used to study short-range forces [23] and structuring of molecules on surfaces [41].    
The differences between the SFA and the AFM define each instrument’s measurement 
capabilities [42]. A comparison of the instrumental capabilities is provided in Table 1.1. 
The area of contact in the SFA is typically 10-5 cm2 while the contact area in AFM is 
typically about 10-13 cm2. Applied loads range from 1-200mN in the SFA and 1-100nN in 
the AFM. The scanning velocity of the SFA is in the range of 0.5-5 µm/s and about 0-
2000 µm/s in AFM. Confining surfaces in SFA are usually made of mica while the 
selection range in AFM is much broader. AFM uses microfabricated tips made out of 
diamond, Si or Si3N4 while there is no particular specification for substrate surfaces.  
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The instrumental limitations associated with each technique reveal that the techniques are 
complementary. For instance, the SFA may be experimentally limited to molecularly 
smooth mica surfaces compared to the large choice of substrate material in AFM. 
Conversely, surface characterization in SFA is simple compared to the difficulty involved 
in AFM tip characterization. The complementary nature of the two techniques is 
reinforced by noting that AFM measurements can sometimes yield results which are 
qualitatively different from SFA observations [43]. An obvious reason for such 
differences is the much longer lateral length scale probed by the SFA (~µm) compared to 
the interaction length scale probed by AFM (~nm). To some extent, the range of 
interaction length scales can be spanned by modifying the AFM to increase the interaction 
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area by attaching colloidal beads to tips [44]. This added versatility in AFM tip geometry 
has shown to be useful in the controlled modification of probe size and geometry for the 
measurements of many different interactions [36, 45-49].  
Another technique commonly used in nanoscale imaging is the scanning tunnelling 
microscope (STM) [9]. Similar to the AFM, STM is also based on a proximal probe 
technique and can provide atomic-resolution images on conductive surfaces [50, 51]. 
Although the technique is limited to conductive surfaces, it is capable of imaging very thin 
(~1nm) insulating materials on a conducting substrate and individual atoms in many 
diverse environments [10, 52]. Furthermore, STM also has the capability of atomic and 
molecular manipulation [6, 53].  
The operating principle of the STM takes advantage of an electrical current that flows 
between two conductors that are separated by distances of angstrom length. This current, 
known as the tunnelling current, can flow through an extremely thin insulating layer and 
give rise to a measurable current. The tunnelling current is exponentially dependent on the 
distance between the two conductors i.e. the thickness of the insulating layer, and in the 
simplest form can be written: 
 
 )exp( sVI φα−∝          (1.2) 
 
where I is the tunnelling current, V is the applied voltage across the two conductors, φ is 
the effective tunnelling barrier (eV), α is a constant, and s is the spacing between the two 
conductors [50].  
Chapter 1. Introduction  
 14
Organic material studied by STM is typically in the form of thin films adsorbed on 
conductive substrates in solution since the bulk organic material is not usually intrinsically 
conductive [10]. The structure and dynamics of liquid crystals [54] and physisorbed 
alkanes at the solid-liquid interface [10, 55-60] have been comprehensively studied by 
STM. These studies show that certain physisorbed systems may layer into ordered 
monolayers with in-plane crystallinity. Accordingly, STM has been used in this work to 
investigate the structure of liquid molecules within solvation layers, as well as 
physisorbed self-assembled monolayers (SAM).  
 
1.4 Thesis Layout 
The dissertation encompasses a literature survey of work done in both theoretical and 
experimental aspects of the solvation force followed by a description of the experimental 
methods and materials employed in this work. Chapter 4 essentially covers the 
experimental results attained in AFM solvation force measurements whilst Chapter 5 will 
present AFM and STM images of liquid molecular structuring obtained at the solid-liquid 
interface. Finally, a summary of this work will be presented together with suggestions on 
how this work can be further expanded in the future.  
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Chapter Two  
Literature Survey 
A large amount of data has accumulated over the last two decades concerning the science 
of liquid mediated interfacial forces on the atomic and molecular level. This is largely 
driven by the development of techniques such as the SFA, AFM and STM, as well as the 
availability of highly detailed computer simulations. A main motivation of this form of 
research stems from the fact that exposed solid surfaces or cavity-forming surfaces are 
nearly always covered with a thin film of liquid condensed from vapor or different kinds 
of surfactants, etc. It is now understood that the properties of a liquid can be entirely 
different from the bulk when in the close vicinity of a surface or when the distance 
between confining surfaces is at the molecular level. Studies show that liquid molecules 
may become “solid-like” or amorphous when placed under extreme confinement. Often 
the liquid molecules tend to layer in the direction normal to a surface and this may 
manifest in oscillatory-type solvation forces measured by the SFA and AFM. 
The objective of this chapter is to summarize and provide a historical perspective of 
theoretical predictions, experiments and computer simulations that have made 
contributions to the development and understanding of structuring in liquids and solvation 
forces.   
 
2.1 Solvation Force 
Oscillatory force behavior of a liquid at an interface was first predicted by Hardy [61] in 
1912 and experimentally verified sixty-nine years later by Horn and Israelachvili [17] in 
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1981. In the years following 1912, results of much experimental work done in diverse 
fields hinted at the dependence of particle interactions on solvent structure. For instance, 
x-ray analysis of long chain liquids showed evidence of a side-to-side, end-to-end type 
molecular structuring between elongated liquid molecules with their immediate neighbors 
[62]. Langmuir’s work in studying forces in colloidal systems led him to view that short 
range structure (order) could extend from surfaces and from molecule to molecule to give 
rise to strong forces between surfaces [63]. Frank and Evans recognized and interpreted 
thermodynamic data of aqueous solutions in terms of the modification of solvent structure 
near a solute molecule [64]. Experimentally, Bowden and Tabor found that the strong 
adsorption of crystalline molecular layers of a fatty acid on metal surfaces was the cause 
of the liquids effectiveness as a boundary lubricant [65].  
A comprehensive review of early work compiled by Henniker [66] indicated that direct 
evidence of “deep surface orientation” of liquids (i.e. structuring of liquid molecules at the 
solid-liquid interface) could be found in the studies of refractive index, molecular 
adsorption, electron diffraction, surface viscosity, and adhesion of liquids. In the review, 
the author also suggested that indirect and circumstantial evidence found in the studies of 
soap films, flow in narrow passages, friction, etc., supported this interpretation. These 
observations led to the general acceptance that short-range correlations existed in liquids 
and could give rise to structural forces between particles or surfaces immersed in the 
liquid. This view, however, continued to be a source of frustration and confusion in a host 
of chemical physics problems and processes such as “structured water”, “hydrophobic 
interaction” and “Stern layers” because of the difficulty involved in verifying and 
quantifying these observations experimentally [67]. The urgency of the matter was 
expressed by Mitchell et al [67] who wrote: “In colloid science, the debate concerning the 
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nature, range and strength of an elusive “third force” which remains after van der Waals 
and electrostatic forces have been taken into account was first joined by Langmuir and 
Derjaguin and still rages.” 
Accordingly, theoretical calculations of solvent structure and its resulting effects were 
attempted with vigor [67-73]. By this time, the superposition of the van der Waals 
attraction and double layer repulsion as stated in the DLVO (Derjaguin, Landau, Verwey 
and Overbeek) theory of colloid stability, was successful in describing the particle force 
laws for electrostatically stabilized dispersions [14, 15]. Nevertheless, the calculations of 
Mitchell et al [69, 72] predicted the occurrence of oscillatory forces at small separations, 
suggesting that continuum forces such as the van der Waals force described by Lifshitz 
theory [16] were only suitable at large separations and could break down in the short 
range. Other reports indicated that attractive interfacial interactions with geometric 
constraining effects would be imposed on liquid molecules in the presence of a hard wall 
[68, 74] effectively bringing about density oscillations extending seven or more molecular 
diameters from the solid-liquid interface. The coupling of all these results made the 
argument for structural effects in liquids even more convincing. Bolstered by preliminary 
experimental evidence on the magnitude and range of structural ordering of a liquid 
induced between two mica surfaces [8], van Megen and Snook [75] showed that the 
constraining effect of two solid surfaces on a liquid was dramatic. Importantly, their 
results showed that structural confinement could result in the following effects:  
(i) An observation of oscillatory liquid density profiles with a periodicity close 
to the diameter of a liquid molecule in liquids confined between two flat 
surfaces which decayed away from each opposing surface. 
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(ii) Attractive interactions leading to the adsorption of liquid molecules on 
surfaces could result in a denser packing of molecules near the surfaces.  
(iii) The effect of two walls on the oscillatory density profile between them 
gave rise to a decaying oscillatory force, which varied between attraction 
and repulsion – the solvation force. 
 
2.2 Surface Force Apparatus Measurements 
The pioneering work that produced the first direct experimental measurements of the 
solvation force was carried out by Horn and Israelachvili in 1981 [17] using the surface 
force apparatus (SFA) [8]. The defining aspect of this experimental technique was found 
in the combination of a piezoelectric controlled displacement of two molecularly smooth 
mica surfaces to 0.1nm, and the independent measurement of the surface separation to 
within similar resolution in distance. Octamethylcyclotetrasiloxane (OMCTS), the liquid 
used in the study, was selected for its high boiling point and large, easily measurable 
spherical shape. Their results were in accord with theoretical predictions, verifying that 
structural forces could result from the arrangement of liquid molecules near a solid surface 
[72, 75-77]. In particular, the solvation force measurements showed oscillatory behavior 
with periodicity correlating with the size of the molecules and a magnitude, which 
decayed within a few molecular layers. The general features of the solvation force as 
observed from the experiment were:  
(i) The spatially decaying forces were measurable up to separations of ten 
molecular diameters within the resolution of the SFA.  
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(ii) A reduction in the periodicity of the force oscillations in the first few solvation 
layers immediate of the surfaces was observed.  
(iii) The peak-to-peak amplitude of force oscillations decayed approximately 
exponentially with distance. 
(iv) Peak-to-peak amplitudes of the oscillatory force exceeded the van der Waals 
force at separations below six molecular diameters.  
Interpretations of these results showed that the liquid molecules were forming discrete 
layers between the surfaces while becoming progressively more diffuse away from each 
surface. The results also showed that it was energetically more favorable for the surfaces 
to have separations allowing an integral number of layers of molecules between them as 
compared to intermediate separations.  
Subsequently, Israelachvili and co-workers reported SFA measurements of the solvation 
force in a variety of liquids [78-84]. Similar work has since been followed up by other 
groups [19, 85, 86]. All these studies highlight the dependence of the force law on the 
chemical structure and conformation of the liquid molecules. The solvation force law can 
be summarized as being dependent on the following liquid properties:  
(i) Molecular structure and symmetry:  
Linear chain alkane liquids have force laws qualitatively similar to OMCTS in 
that oscillatory solvation forces are observed. Quantitatively, the peak-to-peak 
amplitudes of the force oscillations are observed to increase with increasing 
chain length [80]. The force law of branched liquids is in marked contrast to 
spherical and linear chain liquids and strong oscillatory-type solvation forces 
are rarely observed. Experiments show that generally branched liquids exhibit 
a monotonic force profile [19, 84]. There is one report [19] showing oscillatory 
Chapter 2. Literature Survey 
 20
behavior in the force measurements of a molecule having a single side chain 
methyl group (3-methylundecane, C12H26). Hence, although it is generally 
agreed that molecular asymmetry (in these examples, branching in alkanes) can 
disrupt oscillatory forces, the quantitative influence of branching on the 
solvation force is not clear.  
(ii) Rigidity:  
Measurements on rigid molecules such as cyclohexane, tetrachloromethane and 
benzene show oscillatory behavior qualitatively similar to OMCTS while a 
reduction in the number of oscillations is observed for a less rigid molecule 
(iso-octane) [79]. The decrease in rigidity is presumed to be due to the 
existence of free intramolecular rotations within the molecule. 
(iii) Chemical nature: A larger periodicity is measured in the oscillatory solvation 
force of linear chain alcohols and is interpreted as a layering of liquid alcohol 
molecules with OH headgroups directed towards the mica surface [85, 86]. The 
almost vertical layering of these molecules is caused by their amphiphilic 
structure and the hydrophilic mica surfaces, and is markedly different as 
compared to other linear alkane chain molecules, which prefer to lie parallel to 
a mica surface.  
While experiments indicated that the structure of liquid molecules could affect oscillatory 
behavior, results of additional experiments conducted between mica surfaces covered in 
surfactant monolayers showed that the physical properties of the confining surfaces are 
also a factor influencing the nature of oscillatory forces [17, 18, 87]. Christenson reported 
that mica surfaces covered in dioctadecyldimethylammonium bromide (DOAB) resulted 
in a halving of the number of measurable force oscillations although the periodicity and 
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the decay of the force oscillations were similar to that found between two bare surfaces 
[18]. Experiments conducted with mica surfaces covered in another hydrocarbon 
surfactant monolayer (i.e. hexadecyltrimethylammonium bromide (CTAB)), resulted in a 
single inward jump from 2.5nm with no observable force oscillations [18].  A more 
comprehensive study conducted by Gee et al showed that a progressive reduction in the 
number of force oscillations was observed with increasing disorder in the confining 
surfaces by using different surfactants ranging from the highly close-packed (i.e. 
didodecyldimethylammonium bromide (DDAB) and L-α-dipalmitoyl phosphatidyl 
ethanolamine (DPPE)) to amorphous (i.e. CTAB) to a fluid-like monolayer (i.e. calcium-
alkylbenzene-sulphonate (CaS)) [87].  
These results follow the same trend as those attained for liquids of differing structure, 
namely that a primary requirement for oscillatory behavior is the combined geometric 
symmetry of the surface-liquid-surface cavity (molecules and surfaces) as this defines the 
ordering of the liquid molecules confined between the surfaces. Oscillatory forces may be 
weak if the surfaces are rough or if the molecules are irregularly shaped due to the 
inability of the molecules to pack into coherent layers. These findings are reinforced by 
the weakening of force oscillations observed in SFA measurements carried out in a binary 
mixture of non-polar liquids [88], which also incurs a loss of ordering in the liquid 
packing.  
Experiments conducted to elucidate the effects of water contamination [17, 79, 84] 
showed that the presence of water repeatedly weakened the force oscillations for OMCTS 
confined between mica surfaces to the point where the force became attractive at all 
separations. It was speculated that this behavior was due to the formation of condensed 
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water bridges across the hydrophilic mica surfaces or to the ability of water to form 
hydrogen bonds [17]. A comprehensive overview of the early solvation force 
measurements made with the SFA can be found in reference[1]. 
More recently, the SFA has been extended to study the relationship between static 
processes (e.g. solvation) and dynamic processes in confined liquids. The impetus of these 
studies is to understand the complex interrelationships that exist between the many facets 
of liquid mediated interfacial phenomenon such as friction, adhesion and wear. In this 
respect, it has been noted that there is a strong correlation between the boundary 
lubrication behavior (dynamic) of a system and the solvation force. The evidence collected 
from shear experiments reinforces the view that confined liquids can layer and become 
“solid-like” when thinned to a thickness of a few molecules. Results show that shearing of 
a confined liquid need not take place until a finite critical shear stress (yield stress) is 
exceeded [20, 21, 25, 28, 89-103]. These results imply that molecular ordering in a thin 
liquid film can extend both normally (discrete layering) and laterally (within each layer).  
The complexity of the issues is mirrored by the questions that remain. For example, 
ambiguities persist as to whether liquid-surface commensurability effects can affect the 
friction behavior of shearing induced solidification. The origin of solid and liquid 
monolayer phases that form regardless of commensurability with the substrate surface is 
well understood theoretically [104] but whether such theories are applicable to confined 
systems is unknown. It is still not clear if the transition from liquid to solid-like behavior 
of the confined liquid is an abrupt first-order transition or a continuous process. Klein and 
Kumacheva interpret the sharp increase in rigidity and characteristic stick-slip shear 
patterns of cyclohexane and OMCTS thin films that occur at a certain critical thickness to 
be indicative of a first-order transition [101-103]. More convincingly, Granick and co-
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workers deduce that the transition progressively follows more sluggish relaxation with 
increasing confinement, which is more akin to a glass transition than a first order process 
[21, 25, 95-100]. Israelachvili and co-workers [20, 89-94] report that confined liquids can 
have very comlplex thin film properties such as the quantization of various static (i.e. 
solvation) and dynamic (i.e. friction) properties, discontinuous or continuous liquid-solid 
phase transitions, smooth or stick slip friction, and two dimensional nucleation depending 
not only on the nature of the surfaces and liquid molecules, but also on factors such as the 
direction and velocity of shear.  
Most recently, Heuberger et al [105] have designed and built a new version of the SFA 
called the extended surface force apparatus (eSFA), which uses fast spectral correlation 
spectroscopy to measure the surface separation D as well as the refractive index of the thin 
liquid film ten times more accurately than a conventional SFA. The eSFA allows direct 
correlations to be made between density and structure by simultaneously measuring the 
refractive index and the interaction forces. The authors conclude that the adhesive minima 
measured in force oscillations are found to be close to the continuum van der Waals force, 
which is a significant result as it suggests that the van der Waals adhesion cannot be 
enhanced by the deep energy minima of the oscillatory solvation force [106].   
 
2.3 Atomic Force Microscope Measurements 
The observation of solvation forces by atomic force microscopy (AFM) was first reported 
by O’Shea et al in 1992 [107]. In this work, AFM force distance curves showed that 
liquids such as OMCTS and dodecanol confined between an approaching Si3N4 AFM tip 
and a highly oriented pyrolytic graphite (HOPG) substrate displayed characteristic 
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“jumps” with periodicities commensurate with the size of a liquid molecule. The force-
distance curve was described as an oscillatory solvation force superimposed upon an 
attractive dispersion force and the periodic jumps observed corresponded to regions where 
the force gradient was greater than the spring constant of the cantilever. The significance 
of this breakthrough is: 
(i) AFM can provide complementary data to SFA solvation force 
measurements. 
(ii) Local nanoscale measurements of the solvation force are possible by the 
use of an AFM tip (Rtip ≈ 10nm) in contrast to cross cylinders (Rcyinder ≈ 
1cm). 
(iii) The material restriction of mica surfaces in SFA experiments is not a 
limitation in AFM. 
(iv) AFM imaging can now be attempted to provide information on the in-plane 
structure (topographic imaging) and the frictional properties (friction 
imaging) of the liquid molecules in the solvation layers.  
More recent developments include the use of magnetically driven force modulation (AC) 
techniques to determine the tip-surface interaction stiffness (force gradient) [23, 24, 108] 
and Young’s modulus [109, 110] of confined liquids. Specifically, force modulation 
entails driving the tip with a known oscillatory force of constant magnitude. Changes in 
the amplitude of the tip oscillation, which are the result of tip-sample interaction stiffness, 
can be simultaneously monitored together with the static cantilever deflection as the tip 
approaches a sample. The enhanced sensitivity of the force modulation technique resulted 
in stiffness curves showing clear, distinct oscillatory behavior even though such behavior 
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was not apparent in the applied force curves [23]. Furthermore, by integrating the 
measured stiffness with distance and dividing this value by the tip radius Rtip (as measured 
by scanning electron microscopy (SEM)), the normalized force (F/Rtip) could be 
calculated and compared with existing SFA data.  
To date, AFM investigations of solvation forces are only in qualitative agreement with 
SFA results. For instance, the normalized amplitude of the oscillations (F/Rtip) were 
considerably smaller in AFM compared with SFA and did not decay exponentially with 
distance [23]. Damping experiments using AFM show that the effective viscosity of 
OMCTS confined between the tip and surface is increased by four orders of magnitude 
above the bulk value for liquid layers closest to the surface. Although this is a very large 
effect, it is still considerably smaller than corresponding SFA measurements [23, 24, 111].  
Such inconsistencies between AFM and SFA results have been attributed to the possibility 
of roughness and contamination at the tip apex, which introduces asymmetry and break-up 
of the liquid ordering in the tip-liquid-surface gap [23, 24]. However, such effects are 
difficult to quantify due to the difficulty in AFM tip characterization.  
Surprisingly, the amount of work done to resolve these issues has remained relatively 
sparse despite implications in atomic resolution AFM imaging in liquids. As discussed by 
O’Shea et al, the ability of AFM to measure oscillatory solvation forces suggests that such 
structural forces may be influential in non-contact imaging on the atomic scale [23, 24]. 
AFM imaging in liquids differs from that in UHV because of additional effects imposed 
by the confined liquid. Computer simulations show that oscillatory solvation forces 
resulting from liquid structure can give rise to periodic force corrugations in AFM 
imaging which are not related to the surface lattice periodicity [112]. Results have also 
shown that the mechanical Q factor of a cantilever becomes greatly reduced due to strong 
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damping caused by an increase in viscosity as the liquid in the tip-surface gap is more 
confined [23, 24, 111]. Such an effect negates the use of high Q imaging techniques.  
At present, several groups have reported AFM experiments showing the preferential 
ordering of n-alcohols and alkanes on mica and HOPG normal to the substrate surface 
from the observed periodicities in force distance curves [113-116]. Results show that 
alcohols tend to lie parallel to the substrate surface of HOPG whereas on mica the 
molecules are preferentially upright or tilted due to the enhanced bonding of the –OH 
group to the hydrophilic mica surface. There has only been one previous report on AFM 
imaging of simple linear molecules on HOPG. Nakada et al have been able to attain 
poorly resolved images of dodecanol on HOPG indicative of the structuring of dodecanol 
molecules in the first solvation layer [117]. These images are reminiscent of the lamellar 
type structures of physisorbed self-assembled monolayers on HOPG taken by AFM [118] 
and STM [54-58, 119-121].  
While all the reports mentioned above show the utility of AFM solvation force 
measurements in revealing interesting properties of the underlying liquid layers, the AFM 
technique has not yet been fully exploited. By combining AFM imaging and force 
spectroscopy, the experiments involved in this dissertation seek to elucidate the following 
questions: 
(i) Can AFM measure solvation forces of magnitude similar to SFA data 
(implying a molecularly smooth tip)? 
(ii) Can oscillatory solvation forces be observed by AFM in branched liquids 
because of the much reduced tip size?   
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(iii) Can the magnitude of the solvation force be quantitatively enhanced due to 
commensurability between the liquid molecules and the substrate lattice 
structure? 
(iv) Is liquid layering general to all liquids and surfaces and is this phenomenon 
observable in AFM images?  
 
2.4 Computer Simulations 
Simulations are in a sense computer experiments where the evolution of a system of 
interacting particles is simulated with high spatial resolution.  It is important to note that 
AFM, STM and the SFA are limited to measurements averaged over certain length and 
time scales. For example, AFM and STM studies of the dynamic behavior of physisorbed 
self-assembled monolayers only allow for imaging (e.g. of defect migration, surface 
diffusion, etc) at time scales greater than ~1ms [56, 119, 122]. In comparing the local tip 
velocity with the adsorbate mobility, one concludes that only dense or strongly bound 
adsorbates can produce clear images. Similarly, only limited information is obtained 
during imaging on adsorbate structure and dynamics along the direction normal to the 
interface. 
The pioneering work on the oscillatory behavior of confined liquids has been outlined in 
section 2.1. The following literature survey of computer simulations is meant to provide a 
review of work done during the last two decades. These simulations cover a broad 
spectrum of issues such as molecular freezing or layering (with or without confinement), 
shear induced ordering, molecular adsorption, solvation forces in liquids of different 
molecular structure, the effects of roughness in solvation force measurements, etc. The 
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review of these simulations will be categorized into three sections with the first section 
covering simulations of liquids at isolated surfaces, followed by the second section 
covering simulations of confined liquids, while the third section will cover simulations of 
surface induced in-plane ordering. The first two sections are more focused on simulations 
concerning the ordering of molecules normal to the substrate surface (with or without 
confinement), while the third section introduces computer simulations investigating the 
lateral extent of surface induced molecular ordering exclusive of confinement in pure 
liquids, solutions, and liquid mixtures at isolated surfaces.  
 
2.4.1 Simulations of Liquids at Isolated Surfaces 
Structural information of liquids normal to the substrate surface attained from force 
distance experiments in SFA and AFM can be considered indirect and a consequence of 
molecular scale confinement. These results may not reflect the situation occurring at an 
isolated liquid-solid interface. It is not obvious how much of the inferred structure is 
induced by the confinement between the two surfaces rather than being a feature of the 
isolated surface. 
Overall, simulations of liquids at isolated surfaces indicate that molecular layering can 
occur on a single solid surface without the constraints of confinement. Molecular 
dynamics simulations show that density oscillations are apparent normal to the liquid-
solid interface with periodicities equal to the size of a molecular diameter and decrease 
towards the liquid bulk value farther away from the surface [123-126]. This behavior is 
indicative of the layering of liquid molecules normal to the substrate surface. Results also 
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show that the properties and dynamics (e.g. diffusivity) of molecules at the liquid-solid 
interface are strongly influenced by the structure of the liquid molecules.  
Under certain conditions (e.g. liquid–substrate commensurability), the molecules in the 
layer immediate of the substrate surface can possess in-plane ordering giving rise to the 
formation of a physisorbed crystalline monolayer [124, 126] (discussed later in section 
2.4.3). For instance, investigations show that alkane chains form the most energetically 
favored and thermally stable configurations on graphite-like surfaces [124]. This is 
confirmed by STM experiments [55, 57, 58] and neutron scattering experiments [127], 
which reveal that liquid alkane molecules form an ordered monolayer next to the surface 
of HOPG. 
 
2.4.2 Simulations of Confined Liquids 
Monte Carlo (MC) [128-132] and molecular dynamics (MD) [125, 133-139] simulations 
have been used to analyze the structure and properties of confined liquids. Many of these 
simulations have included the effects of branching [140-146] and surface roughness [147, 
148] to make comparisons with and be able to identify factors leading to AFM and SFA 
observations. Additionally, simulations have been used to model the probe geometry of an 
AFM tip to attain a more accurate picture of AFM solvation force measurements [112, 
138, 139, 142, 149, 150].          
It is interesting to note the generality in the observation of layering transitions of the liquid 
molecules in the gap for all these simulations. Compared to the ordering of liquid 
molecules at an isolated surface, simulations show that the proximity of two confining 
walls amplifies the degree of molecular layering in the gap [133]. It should be stressed that 
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the solid-liquid-solid cavity consists of two solid-liquid interfaces. This behavior is 
reflected in the density profiles, which are oscillatory in nature and decrease towards the 
liquid bulk value as the distance between the confining walls is increased [138, 139]. 
Reports show that spherical and linear chain liquid molecules in contact with the 
confining walls, can “freeze” and form well-ordered monolayers with in plane ordering 
resulting from a liquid-solid phase transition [125, 128, 130, 135, 136, 138, 139]. Schoen 
et al propose that molecular stratification (i.e. the tendency of molecules to arrange 
themselves in layers parallel with the confining walls is manifested as maxima in density 
fluctuations reflecting the packing efficiency of molecules at specific wall-wall 
separations [130]. Such behavior is dependent upon commensurability between the liquid 
molecules and the underlying substrate lattice [125, 135, 136, 138, 139]. In contrast, some 
studies report that the commensurability between liquid and substrate is not a requirement 
for such layering behavior to occur [129, 131]. Simulations performed by Yoon et al show 
that the configurations and mobility of linear alkanes are largely similar when confined by 
two atomically structured surfaces and two non-structured smooth flat surfaces [131].  
Similarly, other studies reveal that epitaxy between the solid walls and fluid molecules is 
not required to obtain a periodic solvation force [132] as evidenced in SFA solvation force 
measurements of OMCTS (mica and OMCTS are structurally different).   
An interesting situation arises from computer simulations which show that simple 
confined liquids exhibit oscillatory solvation forces [140, 142, 144] and density 
oscillations [140, 142-144, 146] regardless of the degree of branching in the liquid 
molecules. The simulations reveal that layering characteristics accompanied by the 
interdigitation of methyl groups [142, 143] should occur in heavily branched alkanes (e.g. 
squalane and 2, 6, 11, 15-tetramethylhexadecane) although to a lesser degree in 
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comparison with linear chain alkanes, such as n-hexadecane [142, 143, 146]. Additionally, 
density layering effects have been predicted by molecular dynamics for branched decane 
isomer films at an isolated liquid-solid interface [126]. Interestingly, computer simulations 
do not produce the monotonic (i.e. non-oscillatory) solvation force profiles observed in 
SFA experiments for branched alkanes [19].  
Other simulations are able to extract the rheological properties of confined liquids by 
studying shear behavior [133, 134, 151-155]. In support of experimental SFA results, 
these studies show that for separations less than a few molecular diameters, a critical stress 
is required to initiate sliding in atomic fluids [151, 152] indicating the solid-like behavior 
of these layers. Moreover, the shear stress is for this system “quantized” to the number of 
liquid layers in the gap [151]. The observation of periodic stick-slip motion exemplifies 
the solid-like nature of the highly confined liquid film (which is successively broken down 
and immediately followed by the recrystallization of the film) [133]. The degree of stick-
slip occurring at the liquid-solid boundary depends on a number of interfacial parameters 
such as the shear strength of the liquid-solid interface, the roughness of the interface, and 
the commensurability of the wall and liquid packing [154].  
Simulations exploring properties of highly confined films such as yield stress, effective 
viscosity and mechanical stiffness indicate smaller values for incommensurate films than 
commensurate ones [152], the latter of which have a tendency to form a solid wetting 
phase [133, 153]. However, the increase in viscosity and relaxation times on confinement 
of linear chain molecules seems to indicate a tendency to form a glass transition rather 
than crystallizing [134]. Such films exhibit the same power law viscous response with 
shear rate that was observed in experiment  
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Regardless of several conflicting interpretations, a general pattern of behavior emerges for 
all the cases studied, which can be described as a strong density enhancement in the 
confined layers. Dynamical processes such as viscosity and friction are also strongly 
influenced by the change in material state of the confined liquid as can be inferred from 
SFA observations and theoretical studies [156]. Further, Gao et al reveal that molecular 
density layering and consequent solvation force oscillations can occur not only in liquids 
confined between smooth solid surfaces under equilibrium conditions, but also under 
constant shear-flow conditions in a lubricated junction with nonuniform surfaces. They 
report that such oscillations, correlated to the quantization of the number of liquid layers 
in a localized region of the contact, are predicted both in the normal forces (solvation) as 
well as lateral forces (shear) [155]. This has implications for AFM type measurements 
since the tip can be considered as a single asperity contact.  
In this respect, simulations have been performed to investigate the effects of tip size [112, 
149]. Note that these simulations show that the magnitude of force oscillations varies 
linearly with the tip radii [149]. Results of simulations investigating the effect of surface 
roughness on solvation forces show that force oscillations are extremely sensitive to the 
morphology of the confining surfaces. A significant reduction in the degree of ordering is 
found in films confined by rough surfaces with a consequent suppression both laterally 
and in normal oscillatory-type force behavior [147, 148]. Most significantly, the studies of 
Lynden-Bell and co-workers predict that oscillatory solvation effects can give rise to 
periodic force corrugations in non-contact AFM imaging, which are not related to 
underlying surface lattice periodicity [112]. Consequences of these studies for AFM 
experiments have been discussed by O’Shea and co-workers [23, 24]. 
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2.4.3 Surface Induced In-Plane Ordering  
In Chapter 5, AFM and STM images will show that liquid molecules at the solid-liquid 
interface can have lateral in-plane order. To date, no computer simulation study has 
explicitly established any quantitative correlation between the magnitude of solvation 
force measurements with the degree of such surface induced ordering of liquid molecules, 
although this effect may be inferred from changes in the material properties (e.g. yield 
stress, stiffness, etc) of thin films as discussed in section 2.4.2. Landman and co-workers 
have conducted comparative investigations of equilibrium structures, solvation forces and 
conformational dynamics of thin confined films of spherical molecules, straight chain 
alkanes and squalane (a branched alkane) but discussions are mostly on the qualitative 
level [139, 142]. Comparisons of liquids at isolated surfaces and confined liquids in the 
previous sections demonstrate that the effect of two confining walls simply amplifies the 
tendency of molecules to order at the liquid-solid interface and ordered regions may span 
over the entire volume of the film [133]. Simulations conducted by Winkler et al show 
that the structure of hexadecane chains adjacent to an isolated solid surface are highly 
dependent on the interactions with the underlying lattice and that ordered monolayers, 
covering the surface, are the most stable for graphite-like surfaces [124].  
Accordingly, STM studies show that alkanes can be physically adsorbed on HOPG from 
the pure liquid [58]. In addition, monolayer films can be formed by the adsorption of a 
species from a solution, commonly known as a physisorbed self-assembled monolayer, 
which is driven by the preferential adsorption of one type of molecule on the HOPG 
surface [157-162]. These processes are not driven by tip-induced confinement, which can 
be easily verified by rotating the STM image scan direction [55-58]. Both of these effects 
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(adsorption from pure liquids or mixtures) have also been experimentally observed by 
neutron scattering experiments [127, 163-166]. These processes are highly dependent on 
the structural commensurability between the liquid molecules and the underlying substrate 
lattice as has been shown for a number of alkane isomers on HOPG [124, 125, 167, 168], 
and other substrates [125, 126, 143, 169-171].   
In liquid mixtures, Xia et al report that the preferential adsorption of hexadecane 
molecules on an Au(001) surface, as modeled for a mixture of n-hexadecane and n-hexane 
liquid molecules, occurs by means of a layer–by-layer epitaxial wetting with the 
hexadecane molecules lying with their backbones aligned parallel to the surface forming a 
lamella structure [158].  Simulations show that preferential adsorption of longer alkane 
chain molecules at the solid surface is driven by a lowering of the energy associated with 
denser packing and intermolecular ordering. This compensates for the loss of 
conformational and mixing entropy upon selective adsorption [158-162, 171]. Hentschke 
and Winkler find that alkane chains adsorbed from a benzene-alkane mixture onto 
graphite are energetically favored over the formation of a dense benzene layer and exhibit 
stretched conformations due to lateral interactions within the adsorbate [159].   




The force sensitivity and the ability of the AFM to probe nanoscale interactions make it a 
suitable tool for solvation force measurements. It is capable of carrying out force 
measurements and topographic imaging of surfaces using a variety of AC and DC 
techniques – both of which are central to this work. Force spectroscopy data consists of 
simultaneous measurements of the applied force (static cantilever deflection) and the 
interaction stiffness (force gradient). The use of an off-resonance, low-amplitude, sample-
modulation AFM force spectroscopic technique enables the direct measurement of the 
interaction stiffness as a function of tip-sample distance [172]. This technique is capable 
of measuring both repulsive and attractive solvation potentials in a single approach with 
the correct selection of cantilever stiffness. Furthermore, topographic and friction AFM 
images, together with STM scans, can be used to elucidate the structure of liquid 
molecules closest to the substrate surface. Finally, friction force curves in the form of 
friction loops provide additional insight into the characteristics of the liquid molecules 
closest to the surface. These experimental techniques are described in detail below. 
 
3.1 The AFM Setup 
In AFM, a probe or “tip” is fabricated on a cantilever type spring which responds to forces 
acting between the sample and tip by deflecting. The simple schematic shown in Figure 
3.1 illustrates the key components behind the basic operation of an AFM. AFM images are 
constructed when a sample is scanned relative to the tip in a rastering fashion while 
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recording the deflection of the cantilever by means of a photodiode detector or the z-
direction movement of the piezo as a function of the lateral position (x, y). A feedback 
loop keeps the deflection constant by varying the voltage across the piezo.  
All results presented in this work have been obtained using a commercial PicoSPM1 
system. The experimental setup consists of mechanical and acoustic vibration isolation, 
scanner “head”, controller, computer interface, and a breakout box. The inclusion of a 
lock-in amplifier together with a modified sample stage enables a sample modulation 
technique to be implemented by extracting the raw deflection signal from the breakout 
box. More detail will be provided in Section 3.2.  
                                                 
1 PicoSPM from Molecular Imaging Co., Tempe, Az, USA. www.molec.com 
Figure 3.1: The key components of AFM. A sharp tip is located at the apex of a cantilever 
spring. Forces acting between the tip and sample cause cantilever deflections, which are 
monitored by a deflection sensor. A feedback loop maintains the deflection constant by 
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The modular design of the microscope “head” provides straightforward experimentation in 
liquid environments with both AFM and STM capabilities. The sensitivity of the 
AFM/STM to mechanical noise makes vibration isolation crucial. The microscope “head” 
is placed in a vibration isolation chamber to ensure that external vibrations do not interfere 
with measurements. Typically, the resolution is 1Å in the direction normal to the surface 
and 1nm in the XY direction. The isolation chamber2 is fully closed during scanning and 
combines acoustic isolation with mechanical vibration isolation. For additional vibration 
damping, the isolation chamber is placed on top of an air-table (Newport). This provides a 
damping of up to frequencies of 1Hz. The microscope head is placed on a heavy block 
(14kg) and is suspended in the chamber by stiff bungee cords (spring constant = 
1000N/m). The chamber is fitted with gas inlet/outlet lines and a temperature monitor. All 
experiments in this work have been carried out under nitrogen gas at room temperature 
and 40% humidity. Detailed specifications can be found at the manufacturers website 
(www.molec.com).  
 
3.1.1 Cantilever Characterization 
The cantilever spring is a critical component of the AFM. Force measurements require 
that the cantilever experiences a reasonably large deflection for a given force. Standard 
cantilevers are microfabricated from either silicon or silicon nitride with tip radius of 
curvature of 5 to 20nm. Cantilevers made of silicon are rectangular shaped and boast a 
large range of available spring constants which range from 0.01N/m to 100N/m. 
                                                 
2 PicoIC, from Molecular Imaging Co., Tempe, Az, USA. www.molec.com 
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Cantilevers made from silicon nitride3 can be either rectangular-shaped or triangular-
shaped and have a limited spring constant range of 0.01N/m to 0.5N/m. Cantilevers can be 
sputtered with a variety of metal films for enhanced reflectivity or conductance 
measurements.  
The analysis of force curve data requires a good estimation of the cantilever stiffness (kc). 
Normally a more rigorous measurement of kc is necessary as manufacturer provided 
specifications can deviate from the actual value by a factor of two. There are various ways 
to determine kc experimentally, although most are difficult and tedious to carry out: 
• kc is determined by attaching spherical tungsten particles of known mass to the 
ends of cantilevers while monitoring shifts in the cantilever resonance frequency 
[173]. This is accurate and non-destructive but tedious. 
• kc can be estimated by deflecting a cantilever with a stiffer lever of known spring 
constant. This method requires an additional experimental setup. Calibration of 
the reference cantilever is also necessary [174].   
• kc can be determined using numerical calculations with detailed knowledge of the 
physical dimensions and materials properties of the cantilever [175]. This can be 
uncertain, particularly for triangular shaped cantilevers.  
Rectangular, single crystal silicon AFM cantilevers4 (Figure 3.2(a)) are used in this work 
to avoid complications arising from cantilever geometry and materials properties in the 
quantitative analysis of kc. The use of Si3N4 cantilevers5 (Figure 3.2(b)) is limited to 
                                                 
3 Referred to as Si3N4. The ratio of silicon and nitrogen can vary depending on the chemical deposition 
method (CVD) used.  
4 Nanosensors. 
5 Microlevers from Thermomicroscopes. 
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topographic imaging and qualitative force analysis, and in these cases, the manufacturer 
provided spring constants are sufficient. 
The method used to determine the cantilever spring constant kc is based on the method 
suggested by Cleveland et al [173]. A direct calculation of kc is made by measuring the 
unloaded fundamental resonance frequency (ω0) of each lever in vacuum and relating ω0 
to the physical dimensions of the cantilever using 
 
















Ewtkc =            (3.2) 
Figure 3.2: Scanning electron microscope (SEM) images of AFM cantilevers used in this 
study. (a) force modulation Si AFM cantilever, kc=2.0N/m. (b) An array of four triangular 
and one rectangular AFM cantilevers made from Si3N4. The values of kc range from ~0.05 
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where mtip is the tip mass, mc is the cantilever mass, n is a geometric correction factor, E is 
the Youngs modulus, and l, w, and t are the lever length, width and thickness respectively. 
Rectangular silicon AFM cantilevers are used in these experiments, for which E = 
179GPa, n = 0.24 [23], and mc = ρclwt, where ρc is the lever density (2330kg/m3 for Si). 
The length and width of each cantilever is measured using scanning electron microscopy 
(SEM) as shown in Figure 3.3(a). The cantilever resonance frequency is measured by 
vibrating the cantilever with a piezo in vacuum, sweeping the vibration frequency, and 
measuring the resulting amplitude of cantilever oscillation with a lock-in amplifier (see 
Figure 3.3(b)). The lever thickness (t) is calculated by using the measured fundamental 
frequency and eliminating kc from equations 3.1 and 3.2. Similarly, calculations of the 
lateral force constant (klat) and the torsional force constant (ktor) for a rectangular 













Gwtk =           (3.4) 
 
where G is the bulk shear modulus and htip is the length of the tip. 
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3.1.2 Tip Modification 
Modifications to as-purchased tips add versatility and broaden the range of AFM 
applications in imaging and force spectroscopy [176]. Tips can be coated with metals for 
conductivity measurements [177, 178], coated with diamond for increased hardness and 
inertness, or can be chemically functionalized for chemical force microscopy [179].  
The attachment [180] or direct growth [181] of carbon nanotubes on AFM has been shown 
to improve the quality of AFM images due to their well-defined structure. Besides having 
a well-defined tip apex (~1nm), carbon nanotubes have the added advantage of being able 
to bend without fracture when impinging a surface under high load and being able to 
restore to the original shape after unloading [180]. Tips modified with either single-wall or 
multi-wall nanotubes have been experimentally demonstrated to have imaging capabilities 
of exceptionally high resolution [180, 182, 183].  Furthermore, nanotube tips can be 
chemically functionalized and used as chemical force microscopy probes [184].    


















Figure 3.3: (a) The physical dimensions of a cantilever can be measured from SEM 
images such as the one shown here. (b) Frequency response of a rectangular Si cantilever 
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Similarly, attaching colloidal spheres (or “beads”) to tips adds versatility to AFM force 
spectroscopy. The technique is particularly useful in controlling the probe size and 
geometry for measurements of different force interactions [44]. Force measurements can 
now be extended to include experiments dealing with larger interaction areas and a wider 
selection of materials. Bead modified tips have been used in the measurement of DLVO 
forces [44, 48], friction [49], contact electrification studies [45] and Casimir force 
measurements [36]. The technique also provides a means of estimating the Hamaker 
constant (section 3.1.6) for different materials systems [185], which is important in the 
quantitative interpretation of dispersion forces. 
It is found that by using colloid probes, solvation force measurements can be studied over 
large interaction areas having surface roughness [172]. It has been shown that a multi-
asperity sphere surface with random roughness can influence AFM measurements of the 
double layer force [47] and the van der Waals force [46]. This has interesting implications 
in the understanding of lubrication and adhesion [172]. 
Colloid probes are made by attaching silica beads (Duke Scientific Corporation) to 
standard Si3N4 or Si cantilevers with a moisture resistant, solvent free, electrically 
conductive adhesive (Ablebond, Ablestick (Japan Co., Limited)). An AFM image of the 
surface of an as-received silica bead taken in tapping mode is shown in Figure 3.4. It is 
clear that the contaminants and/or surfactants are present on the surface and can affect 
force measurements markedly [186]. As such, a thorough cleaning of the silica beads is 
needed prior to attachment.  
It is found that the silica spheres, which arrive in powdered form, are best cleaned by 
repeated ultrasonification in toluene. About 1mg of spheres are placed in a centrifuge vial 
filled with HPLC grade toluene. This is then partially immersed into a beaker full of water 
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(to prevent water seeping into the vial via the cap) and placed in an ultrasonic bath set at 
an elevated temperature (~80°C). The vial of spheres is then ultrasonicated for about ten 
minutes. Once complete, the vial is removed from the ultrasonic bath and the spheres are 
allowed to precipitate at the bottom of the vial, leaving whatever contaminants are present 
suspended in the solution. It is advisable not to expedite this process by the use of a 
centrifuge, as there is a higher chance of contaminant precipitation. Half the amount of 
solvent is then removed after bead precipitation has taken place (this can be seen by eye) 
and replaced with fresh solvent. This entire process is repeated over 10 cycles after which 
the final mix is dispensed onto a pre-cleaned Si substrate. A hot plate is typically used to 
evaporate the solvent from the substrate followed by heating in an oven set to 130°C to 
Figure 3.4: A 1.42µm × 1.42µm tapping mode AFM image revealing the presence of 
contaminants/surfactants on the surface of an uncleaned silica sphere. The cross-sectional 
line-scan corresponding to the dotted line in the image shows that these features can be 
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ensure the complete removal of any remaining solvent. All glassware and consumables 
used in this procedure have to be cleaned meticulously to prevent any further 
contamination of the silica spheres. 
The setup used for bead attachment is shown in Figure 3.5. The setup consists of an 
inverted reflected-light microscope capable of 100x and 500x magnification (Zeiss 
Axiovert 25CA) modified with two linear XYZ translation stages (Newport M-460 Series) 
mounted onto the microscope sample stage. The translation stages are built with 
micrometer gauges, which allow fine control and manipulation of both bead and tip in all 
directions.  
Figure 3.5: Setup used for AFM bead attachment. An AFM tip pre-coated with glue and a 
silicon substrate dispersed with glass beads are each mounted onto opposing linear XYZ 
translation stages. Beads are attached when brought into contact with the adhesive on the 
tip. The monitor on the right hand side of the photograph shows a typical view of the tip 
and bead prior to contact as seen through the eyepieces of the microscope. A mirror image 
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The recipe used for attaching silica beads to tips is described pictorially in Figure 3.6. 
Figure 3.6(a) is a picture of cleaned and dried silica beads on an Si substrate. It is clear 
that there is residual impurity on the surfaces of some beads in this example. Figures 
3.6(b)-(e) show how adhesive is deposited on the tip.  
Usually, several attempts have to be made before a bead is incorporated onto a tip due to 
the following reasons: 
1) The amount of adhesive deposited on a tip is critical. The difficulty of attaching 
spheres increases as the amount of adhesive decreases. However, too much 
adhesive will increase the chance of flowing over the bead surface. Similarly, 
contamination with glue is likely if too many attempts are made to pick up a 
particular bead due to rolling and spinning (rotation) of the bead on the Si substrate 
surface.  
2) Incomplete evaporation of solvent. Trace amounts of solvent trapped between the 
beads and the surface of the Si substrate can make separation difficult. This effect 
is also found to occur between spheres thus causing increased attraction between 
beads in a cluster and making attachment of a single sphere impossible.  
Several steps can be taken to increase the success of bead modification. These include: i) 
Flattening the tip before bead attachment by scratching it against another surface increases 
the effective adhesion area. ii) Applying an initial amount of adhesive on the tip and 
curing it before bead attachment achieves the same result as (i) above. iii) Curing the 
adhesive at 100°C for 5 minutes makes it more viscous, so that the glue is less likely to 
spread uncontrollably over the bead surface.  
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Figure 3.6: Silica sphere attachment. (a) Cleaned silica spheres are dispensed on a clean 
silicon substrate and dried. (b) A small quantity of adhesive is applied onto a silicon 
substrate, which is positioned directly across from the tip using a pair of linear translation 
stages. This picture is taken at a magnification of ×100.  (c) ×500. The tip and the 
adhesive are brought close together. (d) ×500. The tip is partially submerged into the 
adhesive. (e) ×500. The Si substrate with the adhesive is replaced with the one dispensed 
with silica spheres. A single sphere is chosen by eye at this magnification (arrow). The tip 
with pre-deposited adhesive is now ready for modification. Note: i) The picture contains a 
mirror image of the tip and silica spheres due to reflection off the Si substrate. ii) The 
amount of deposited adhesive is exaggerated for clarity.  f) SEM image of an AFM tip 
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Usually a combination of these approaches is used to ensure that contamination is 
minimized during bead attachment.      
  
3.1.3 Probe Characterization 
It is well known that one of the main difficulties associated with AFM measurements 
concerns the characterization of the tip. The poorly defined geometry and chemistry at the 
tip apex can present problems with data interpretation. This issue is of crucial importance 
since the nanometer-sized tip makes up half of the confining surfaces in solvation 
measurements. Surface roughness and the asymmetric shape of the AFM tip can bring 
about a decrease in the magnitude of the solvation force oscillations [23, 172]. Tip multi-
asperity effects can also cause artefacts in topographic images.  
Experiments in this work are typically carried out with pristine tips as it is observed that 
some contamination does take place after extensive use. Deformation of the tip apex is 
also significant after extensive use. Both as-purchased tips and sphere-modified tips are 
characterized using high resolution scanning electron microscopy (SEM) immediately 
after completion of a solvation experiment. Typical SEM images are shown in Figure 3.7.  
Conventionally, AFM tips are characterized by aspect ratio measurements i.e. the ratio of 
the height of the tip htip to its radius Rtip. In the case that the aspect ratio of a surface 
feature is higher than that of the tip, so called “tip-imaging” artefacts can be observed. 
This method effectively inverts the principle of AFM i.e. sharp surface features effectively 
image a lower aspect ratio tip. If the shape of such sample features are known, this form of 
“reverse imaging” can be used as an in situ method to determine the overall AFM tip 
shape [187].  
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Reverse imaging is carried out on a sample set of 10 beads randomly chosen from a batch of 
cleaned beads to provide statistical data of their surface roughness. This is to ensure the 
effectiveness of different cleaning recipes before beads are chosen for actual experiments. Selected 
beads are glued onto Si3N4 cantilevers (kc=0.2N/m) and scanned over a calibration grid consisting 
of a periodic array of sharp spikes7 (Figure 3.8(b)). Figure 3.8(a) shows an example of this 
imaging technique. Average height (z) and rms roughness of surface features can then be 
computed using the PicoSPM software over the entire topographic area covered in each image. In 
addition, the rms roughness of a single line profile (i.e. Gaussian, this is a common assertion in 















         (3.5) 
                                                 
7 calibration grid TGX01 by NT-MDT 
Figure 3.7: Post experimental probe characterization by high-resolution SEM imaging. (a) 
A bare AFM tip magnified at x220000. Rtip is measured to be 26nm. (b) The surface of a 
10µm glass bead at x65000 magnification where obvious asperities protruding from the 
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where N is the number of height positions along a line profile, zi is the height at position i, 
and z  is the average height. It shall be noted that reverse imaging can be destructive and 
is not undertaken on any tips used for solvation experiments. 
Also, note that it is unsuitable to characterize the tops of silica beads dispensed onto a 
substrate by tapping mode AFM imaging (such as the image shown in Figure 3.4). This is 
because this surface will be exposed to adhesives during bead attachment. Instead, 
Figure 3.8: (a) 10µm × 10µm reverse AFM image of a glass bead attached to an AFM 
tip. Each periodic feature seen in the image is equivalent and is generated when the bead 
is “scanned” by the individual spikes of the calibration grid seen in (b) SEM image of 
calibration grid used consisting of a periodic array of sharp spikes used for reverse AFM 
characterization of silica spheres. The radius of curvature of each spike is equivalent to 
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characterization is necessary at the bead surface originally in contact with the Si substrate 
(i.e. the effective bead surface used in force measurements is located here).  
 
3.1.4 Piezo Calibration 
The high spatial sensitivity of the AFM/STM requires that the piezoelectric scanner be 
well calibrated. AFM scanner calibration ensures that the distance reported in topographic 
images corresponds to the true distance between surface features. This is carried out by 
scaling the piezo voltage with surface features of predetermined size. Unfortunately, 
complications can arise due to instrumental drift and inherent piezoelectric effects such as 
non-linearity, creep, hysteresis, memory effects, and variations of sensitivity with applied 
voltage. Being dependent on the applied voltages, scan speed and previous motion, it is 
extremely difficult to obtain a perfect calibration for the actual piezo motion. The most 
straightforward way of solving this problem is to have parameter data files with different 
calibrations for various settings for a given piezo scanner. Calibration samples (Figure 
3.9) with similar dimensions to the actual dimension of the scanner application should be 
used for piezo calibration.  For lateral dimensions on the order of micrometers and for 
heights on the order of some ten of nanometers, commercially available etched silicon 
calibration grids are available. At the near atomic level with heights on the order of a few 
Angstroms, layered materials with cleavage steps such as highly ordered pyrolytic 
graphite (HOPG) and mica make good calibration samples with step heights of 6.7Å and 
10Å respectively. Furthermore, atomic resolution images of both HOPG and mica 
showing hexagonal periodicities of 2.46Å and 5.2Å respectively are readily obtained and 
are ideal for the calibration of lateral dimensions on the order of 2-20nm. 
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3.2 Force Measurements 
Although AFM is widely used as an imaging tool, imaging is a derivative function of the 
instrumental sensitivity to force interactions. The understanding of atomic forces has 
contributed greatly to the present capability of AFM to image material surfaces with 
atomic resolution under vacuum [40, 188-192] and non-vacuum conditions [193].  
Figure 3.9: Topographic images of surfaces used for piezo calibration. (a) AFM image of 
a commercial calibration grid with a periodicity of 3µm and a height of 0.9µm (image size 
is approximately 12µm × 12µm) used for large area calibration. (b) A 5nm × 5nm AFM 
image of a mica surface with lattice periodicity of 5.2Å. (c) A 1.5nm × 1.5nm STM image 







Chapter 3. Experimental Methods 
 52
The situation for imaging in liquid environments is quite different where reports of atomic 
resolution are scarce. “True” atomic resolution imaging in liquids has only been achieved 
for hard surfaces such as copper on gold [194], and calcite [195]. Claims of atomic 
resolution imaging in liquids can be speculatory because most studies lack any observable 
atomic scale defects [196].  
Presently, a significant amount of experimental work has been dedicated to the 
development of AC modulation techniques for imaging in liquids [41, 109, 197-201]. This 
is largely driven by the realization that true atomic resolution, particularly of delicate 
surfaces such as biomolecules, can only be attained by non-contact AC techniques [200]. 
In this respect, several studies are focused on the behavior of liquid molecules confined 
between an AFM tip and a substrate surface. O’Shea and co-workers [23, 24, 107, 108, 
111] suggest that the presence of a liquid mediating between the tip and sample can 
influence the forces acting on the tip sufficiently to influence the apparent image contrast. 
This conjecture has been validated theoretically by Patrick and Lynden-Bell, who have 
shown that oscillatory solvation forces can give rise to periodic images not related to the 
true structure of the underlying surface [112].  
It has been previously shown that measuring the tip-sample force gradient (i.e. the force 
derivative with respect to the separation, also called interaction stiffness or compliance) is 
considerably more sensitive in the AFM measurement of solvation forces in comparison 
with measuring the applied force (or normal force) directly from the static cantilever 
deflection [108]. In this work, the compliance method is carried out by sample-modulation 
force spectroscopy. Although sample-modulation force curves are slightly noisier in liquid 
environments than the corresponding force modulation technique [23], the technique 
allows for very stiff systems to be studied more readily. If tip instabilities are avoided by 
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choosing the appropriate cantilever stiffness (kc), force-distance curves for both the 
attractive and repulsive part of the oscillatory potential can be obtained in a single 
measurement [172].  
Figure 3.10 illustrates schematically the experimental setup used in this work. The 
combination of a commercial AFM system together with a sample stage customized by 
the addition of a piezotransducer beneath the sample and the use of a lock-in amplifier8 
                                                 
8 EG&G 7265 Lock-in amplifier 
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allows for simultaneous measurements of both the applied force and the tip-sample force 
gradient using sample-modulation.  
 
3.2.1 Applied Force Measurements 
In a typical force-distance experiment, the applied force and tip-sample force gradient are 
simultaneously measured. In the case of the applied force curve, the static cantilever 
deflection is recorded with respect to the piezoelectric displacement (Z) as the cantilever is 
extended towards or retracted away from the sample (referred to as a single approach-
retraction cycle). Conversion of this data involves taking into account both the cantilever 
deflection and the piezoelectric displacement to produce an “applied” force-distance 
curve. The displacement is software controlled requiring the user to input the required Z 
range over which the force-distance curve will be measured. The AFM controller converts 
this displacement range and sweeps a DC voltage across the Z piezo based on a known 
calibration setting. A crucial point to note is that the calibration of the piezo scanner 
dictates the accuracy of the measurement as a whole.  
Figure 3.11(a) is a schematic of typical static deflection data collected in a single tip 
approach-retraction cycle as a function of Z acquired during a solvation force experiment. 
At large separations (defined throughout as being positive), there is no deflection of the 
cantilever since the tip and sample do not measurably interact. In this regime, approaching 
the tip simply changes the physical separation between tip and sample surface by Z.  
This situation changes when forces interact between the tip and sample causing the 
cantilever to deflect by a measurable amount. The separation between the two surfaces 
now becomes a combination of the tip deflection and the piezoelectric displacement.  
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Figure 3.11: Conversion of “raw” deflection data (a) to an applied force distance curve 
(b). (a) Typical static deflection data collected as a function of the piezoelectric 
displacement Z from a single approach-retraction cycle (black-approach; gray-retreat). 
Successive “jumps”, which are caused by tip instability, are observed during both 
approach and retraction and are indicative of oscillatory solvation forces. The black 
dashed lines indicate the definitions of Z0 and V0 while the arrow points to the slope used 
in the calculation of the sensitivity Ω. (b) The converted applied force distance curve 
(black-approach; gray-retreat). Tip instabilities with periodicities approximately equal to 
the size σ of a liquid molecule are clearly seen as discontinuous jumps in the tip-sample 
separation D. Note that the approach and retraction curves do not overlap near the hard 
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Successive “jumps” observed in both the approach and retraction cycles of the static 
deflection curve are indicative of the presence of oscillatory solvation forces. The tip and 
the surface come into “contact” when the deflection of the cantilever is coupled with the 
piezo movement (Z). The linearly repulsive regime is used to measure the optical 
sensitivity of the photodetector with respect to the cantilever deflection in terms of 
volts/nm and is converted into units of force by applying Hooke’s law.      




−−−= )()( 00 VVZZD          (3.6) 
 
where V is the static cantilever deflection as measured by the photodiode output signal, V0 
is the photodiode output signal at large separation (i.e. no deflection) and Z0 is the 
“contact” value of Z at V = V0 after tip-sample “contact” has occurred. The photodiode 
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as calculated from the slope of the static deflection curve in the “contact” regime (see 
figure 3.11(a)). The applied force F, is derived from the deflection data by 
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where kc is the cantilever spring constant.  
An applied force distance curve is shown in Figure 3.11(b) after data conversion. On 
approach, the tip experiences a series of periodic repulsive walls with a decrease in tip-
sample separation D. The force acting on the tip increases as the tip is pushed up against 
each barrier. Typically, discontinuities are usually observed at some force maxima on each 
repulsive barrier indicating tip instability as the tip jumps to the next repulsive barrier. 
These tip instabilities have periodicities approximately equal to the size (σ) of a liquid 
molecule and occur whenever the tip experiences strong attractive forces with force 
gradients exceeding the spring constant of the cantilever. The continuously increasing 
force of the hard wall repulsion is observed when the tip finally comes into “contact” with 
the surface. 
Conversion of the cantilever deflection data during tip retreat is carried out in a similar 
manner. Upon retraction, the tip and sample surfaces initially adhere until the elastic force 
of the cantilever exceeds the adhesion and the tip “snaps out” of contact. This is followed 
by successive periodic tip instabilities, which are again indicative of discrete solvation 
layers.  
It is important to note that there are issues relating to the establishment of D=0 i.e. the 
“contact” between the tip and the underlying solid surface. From the force curve shown in 
Figure 3.11(a), one cannot unambiguously state that the increasing linear deflection at 
high loading, as marked by the arrow Ω=∆V/∆Z, represents the hard-wall solid-liquid 
interface. The increasing linear curve could result from the deformation of an even more 
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tightly bound solvation layer or generally from any stiff material confined between the tip 
and surface. Defining the D=0 separation is a general problem in AFM. 
The issue can only be resolved by careful experimentation on a given system. In this 
study, several different approaches give confidence that the D=0 assignment is correct, 
namely:  
i) the ability to image the substrate when the tip is controlling at D=0. this is the 
most convincing experiment and related results are given in Chapter 5  
ii) the tip can be further indented (higher forces applied) and the force curve  
studied for tell-tale signs of the presence of a compliant material (e.g. non-
linear slopes in the force curve, discontinuous jumps from solvation effects). 
These results are generally more qualitative in nature as non-linear force curve 
behavior can result from hysteresis of the piezo scanner and high indentation 
forces will change the geometry of the tip apex, thus making future force 
curves problematic and variable. 
iii) Previous work on mica [22] has shown that the friction forces increase by 
orders of magnitude when the tip contacts the mica surface, and this is a further 
indication that the hard-wall interface has been reached.  
 
3.2.2 Sample-Modulation Force Spectroscopy 
Previous studies have shown that the dynamic response of an AFM cantilever can be 
adequately described and analyzed by using a simple harmonic oscillator model [202] 
providing the oscillation amplitude is small. Various methods have been developed where 
the cantilever can be driven either directly [23, 109, 199, 203] or indirectly by oscillating 
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the sample [41, 202]. In the latter technique, vibrations are induced in the cantilever as the 
sample approaches the tip by a force gradient interaction between the tip and the 
oscillating sample. This technique, called sample-modulation force spectroscopy, is 
implemented in this work with the addition of a piezotransducer underneath the sample 
(Figure 3.10).  
The rheological model of the sample-modulation system is shown in Figure 3.12. In this 
figure, d and A correspond to the tip displacement and piezotransducer driving amplitude 
respectively. The cantilever is represented by a spring constant kc, damping βc, and an 
effective mass of m* while the tip-sample interaction is represented by a spring ki (the 









Figure 3.12: The rheological model for sample modulation [202] where the 
piezotransducer driving amplitude is A and the tip displacement is d. The cantilever is 
represented by a spring with spring constant kc, a dashpot with damping βc, and an 
effective mass of m*. The tip-sample interaction is represented by a spring ki and a 
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where δ  is the phase shift between the piezotransducer and cantilever motions. The 
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Experimentally, a lock-in amplifier is used to drive the piezotransducer while 
simultaneously measuring the induced cantilever oscillations (Figure 3.10).  In the low-









           (3.14) 
 
and the phase shift δ  becomes negligible.  
Equation 3.14 represents all the data presented in this work since the working frequency 
used is always much lower than the fundamental cantilever resonance. Hence, by knowing 
the cantilever stiffness kc (see section 3.1.1), the tip-sample interaction stiffness ki can be 
extracted by measuring the normalized change in amplitude (d/A0). From this, ki can be 
related to the interaction force law F(D) by ki = -dF/dD. 
 
3.2.3 Friction Force Measurements 
Atomic scale friction was measured for the first time in 1987 by Mate et al using a 
tungsten tip on graphite [33]. Since then, numerous observations of atomic scale stick-slip 
and hysteresis by FFM have been reported in the literature for a number of different 
systems [32, 34, 35, 204-207]. FFM is now an important research tool in the field of 
nanotribology, which concerns the study of atomic scale interactions between surfaces in 
relative motion such as friction, adhesion, lubrication and wear [4, 208-212].  
In particular, the FFM has been used to study the nanotribological behavior of boundary 
layer lubricants such as liquid films confined at molecular dimensions [22] and self-
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assembled monolayers [208, 213]. It has been noted that there is a strong correlation 
between the nanotribological properties of a molecularly thin liquid film with solvation 
forces and molecular structuring [19, 89, 91, 95, 99].  
In this work, FFM is used to image the structuring of monolayers on a solid surface in 
relation to solvation forces. Typically, both normal forces and lateral forces are 
experienced by a moving AFM tip when in contact with a surface. Normal forces induce 
cantilever deflections normal to the surface and have been measured here by the 
techniques listed in sections 3.2.1 and 3.2.2. Lateral forces are measured by monitoring 
the photodetector signal orthogonal to the normal deflection signal (photocurrents IA+C – 
IB+D in Figure 1.2). This signal originates from the twisting of the cantilever (a torque) as 
lateral forces such as friction act on the tip apex. The method can detect sub-nanonewton 
friction forces and this sensitivity leads to the ability of FFM to generate friction images 
with high resolution. The importance of FFM to fundamental tribology studies is that the 
tip-sample junction resembles a simple asperity contact.  
Frictional forces acting on a tip will cause the cantilever to twist, resulting in the 
deflection of the laser spot towards one side of the photodetector. Retracing the scan line 
causes the cantilever to twist in the opposite direction and move the laser spot towards the 
other side of the photodetector. Figure 3.13 is a schematic of such behavior as would be 
seen on an oscilloscope. During imaging, the lateral displacement between tip and sample 
is varied. Initially static friction due to tip-sample interaction inhibits sliding and the tip 
position is “pinned”. These regions of static friction or “sticking” occur when the tip 
begins to move or reverses direction. Eventually a critical point is reached where the 
torsion elastic energy of the lever exceeds the static friction and the tip begins to slide 
across the surface until the scan direction is reversed. The reason for the reversal of the 
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deflection signal can be inferred from the drawing on the right hand side of Figure 3.13, 
which depicts the twisting of the tip relative to the scan direction. Such a line scan is 
commonly referred to as a friction loop.  
It should be noted that FFM calibration is extremely important for quantitative friction 
measurements [214] especially when using the optical beam detection technique. 
Misalignment occurring between the cantilever and the photodetector can bring about 
coupling between the normal and lateral deflection signals. Furthermore, the torsional 
spring constant (ktor) of a rectangular cantilever is typically much greater than the normal 
spring constant (kc) (see equations 3.2 and 3.4). Thus, the force resolution in friction 
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Figure 3.13: Schematic of a friction loop during the course of a complete scan line, i.e. 
right to left and left to right across a sample surface. The steep gradients indicate regions 
of static friction or “sticking”. The transition to kinetic friction or “sliding” occurs when 
the torsional force of the cantilever exceeds the static friction force. The drawing on the 
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Due to the difficulty of overcoming such calibration issues when working in liquids, 
friction loops attained in this work are only considered qualitatively. A typical FFM image 
of HOPG with “atomic lattice resolution” is shown together with a measured friction loop 
in Figure 3.14. It is well known that “atomic lattice resolution” images in layered 
materials such as HOPG and mica are often more readily obtained in FFM images than in 
normal contact mode AFM. The atomic scale periodicity seen in FFM is brought about by 
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Figure 3.14: (a) 2nm × 2nm atomic lattice resolution friction image of HOPG obtained 
with a rectangular Si3N4 cantilever (kc = 0.02N/m, ktor = 36.6N/m). (b) Corresponding 
friction loop after conversion of deflection data recorded on an oscilloscope showing 
hysteresis and sawtooth-like behavior typical of atomic scale “stick-slip” with a 
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atomic “stick-slip” processes (as seen in Figure 3.14(b)) occurring between the tip and 
sample [215], which leads to a more pronounced deflection in the lateral direction 
compared to the deflection in the normal direction [205]. This result, which has been 
observed in air, liquids and UHV, is striking because even for extremely sharp tips at low 
loads, the contact area between the tip and sample will always contain several unit cells. 
Theoretical approaches undertaken to explain this phenomenon have not yet given a 
satisfying explanation ([216] and references therein). However, it is accepted that stick-
slip behavior is caused by the existence of a potential acting between the tip and the 
sample which is periodic due to the sample lattice symmetry. Such images, as shown in 
Figure 3.14(a), are not considered as “true” atomic resolution images but rather atomic 
lattice resolution images, which can be distinguished by the inability to detect single 
atomic/molecular defects [196]. 
 
3.3 Materials 
The materials selected for use in this work have been chosen for their physical properties 
and also because of their relevance to SFA experiments. This allows the results found in 
this work to be suitably compared with previous SFA results. Comparisons made between 
AFM and SFA results can not only bring understanding to the solvation forces of confined 
liquids but also highlight the limitations intrinsic to each experimental technique that 
affect solvation measurements. 
 
3.3.1 Liquids 
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Registry between the molecular structure of a liquid and the substrate lattice geometry can 
determine the manner in which the molecules interact and can consequently influence the 
geometrical layering of liquid molecules confined in the tip-substrate cavity. To 
understand these physical effects, solvation forces were measured in a host of liquids of 
varying molecular structure (see Figure 3.15). These include linear alkanes of varying 
lengths (dodecane, hexadecane), a spherical molecule (octamethylcyclotetrasiloxane 
(OMCTS)), branched alkanes (2-methylundecane, squalane) and a linear alkane with 
different sidegroups (phenyloctane). All the liquids were purchased from Aldrich 
Chemical Co.  
The bulk of the results reported here concentrate on those obtained in OMCTS, squalane, 
and hexadecane, since results for each liquid in a given group have comparative trends. 
Squalane (2, 6, 10, 15, 19, 23 hexamethyl-tetracosane) is a branched alkane with a C24 
backbone and six symmetrically placed methyl sidegroups. Squalane is one of the few 
commercially available branched isoparaffins and is used commonly as a model system in 
boundary lubrication studies [98]. Hexadecane is a simple linear alkane with a C16 
backbone. OMCTS is an inert, rigid molecule, which is approximately spherical in shape 
having a major diameter of 1.0-1.1nm and a minor diameter of 0.7-0.8nm [217] and is 
known to exhibit strong, readily observable oscillatory forces.  
These liquids are chemically inert, enabling measurements to be based entirely on physical 
variations. Moreover, the use of these liquids in previous SFA experiments and computer 
simulations facilitates comparisons. The selection criteria is summarized as: 
i. relevance to previous SFA and AFM solvation force studies, 
ii. chemical inertness, 
iii. well-defined molecular structure, 
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Figure 3.15: Schematic molecular structure of the various liquids and chemicals used in 
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iv. commensurability effects between liquid and sample.  
Experiments are performed at room temperature in an enclosed chamber purged with N2 
without any prior treatment to the liquids. OMCTS, squalane and hexadecane are known 
to be hydroscopic liquids. However, water contamination does not appear to strongly 
influence the AFM measurement of solvation forces [23], in contrast to SFA experiments. 
The reason for this observation is probably twofold, namely a) the most commonly used 
surface (HOPG) is hydrophobic, and b) the small contact area in AFM implies that water 
concentration would have to be very high to be incorporated with the small number of 
confined molecules in the contact volume. 
  
3.3.2 Highly Oriented Pyrolytic Graphite (HOPG) 
The physical properties of highly oriented pyrolytic graphite (HOPG) make it an 
indispensable material in AFM and STM studies. It is thermodynamically the most stable 
form of carbon at room temperature. It consists of an atomically flat layered structure, 
which is inert under ambient conditions and conductive, making it also useful in STM 
measurements. The overlap of the valence and conduction energy levels makes HOPG a 
semimetal rather than a semiconductor with a conductivity five orders of magnitude 
higher in the lateral direction than perpendicular to the layers [218, 219]. Furthermore, 
preparation procedures are minimal. Chemical cleaning is unnecessary as HOPG is readily 
cleaved with a strip of adhesive tape to expose an atomically flat, pristine surface. 
Generally, the topography of the substrate used must be well defined on the scale on 
which probe microscopy experiments are carried out. For example, experiments carried 
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out to image atoms have to be done on an atomically flat surface since the presence of 
large surface features can introduce instabilities while scanning. 
   (a) 
(b) 
Figure 3.16: (a) A 2.5nm × 2.5nm STM image of HOPG. (b) Top view of HOPG indicating 
the lattice positions of C atoms in adjacent graphitic layers (top layer: black, bottom layer: 
gray). Overlapping C atoms are defined as α atoms (open circle) while the non-overlapping 
ones are defined as β atoms (filled circle). β carbons located above hollow sites (hexagonal 
center) in the adjacent layer are mainly detected by STM (black dotted circles) as indicated 
by the bright spots in (a). Accordingly, the atomic distance between atoms in a HOPG 
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HOPG is layered with a surface consisting of C atoms forming a hexagonal lattice. The 
carbon-carbon distance in the planar hexagonal sheets is 1.42Å, and each layer is 
separated by 3.35Å. Successive layers are displaced (ABAB…. type) by half a lattice 
constant such that the atoms of one layer lie in the hollows of the hexagons in the next 
layer. Figure 3.16(a) is an STM image showing the topography of HOPG. The carbon-
carbon distance is measured to be 2.5Å rather than the inter-carbon bond length of 1.42Å. 
This effect is brought about by the introduction of inequivalent atomic sites due to the 
offset between adjacent graphitic layers. Only half the C atoms in the top surface overlap 
with atoms in the adjacent layer (α atoms) while the remaining C atoms (β atoms) sit 
above hollow sites (hexagonal center) in the adjacent layer. Accordingly, the distance 
between C atoms detected by STM is 2.46Å.  
The ease of which atomic resolution images of HOPG are readily obtained by STM and 
FFM make it ideal for calibrating atomic distances [220]. The atomic steps of HOPG, 
which typically are 6.7Å in height, can further be used to calibrate the z piezo.  
HOPG is used in this work primarily because it is atomically flat, chemically inert, and 
has an approximate commensurability to some of the organic liquids such as linear 
alkanes [59]. The last point is of importance since one of the objectives of this work is to 
establish the relationship between liquid and substrate structure in molecular layering and 
how such effects influence the solvation force.     
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Chapter Four 
Solvation Forces by Atomic Force Microscopy 
 
 
The results of solvation force measurements in confined liquids obtained using the AFM 
techniques discussed in Chapter 3 are presented here. These experiments are primarily 
focused on determining the influence of geometric asymmetry i.e. surface roughness or 
liquid molecular structure, at the tip-liquid-substrate cavity on solvation forces. Solvation 
force measurements have been carried out in OMCTS, squalane and hexadecane on 
HOPG, and are representative of liquids with spherical, branched and linear molecular 
configurations, respectively. These experiments assist in establishing correlations between 
the effects of molecular structure on confinement induced molecular packing. 
Comparisons made with previous SFA data highlight the instrumental limitations inherent 
to each experimental technique which can influence solvation measurements.   
 
4.1 Solvation Forces by Sample-Modulation Force Spectroscopy (General) 
 
Figure 4.1(a) is an example of raw data obtained for an “as-received” Si cantilever (kc = 
1.8N/m, Rtip ≈ 50nm) immersed in OMCTS. The piezotransducer was oscillated at a peak-
to-peak amplitude of 2Å at low modulation frequency (ω/ω0 = 0.006). The vertical dotted 
lines indicate corresponding features between the cantilever deflection and amplitude 
response curves. The amplitude signal, from the lock-in amplifier, is normalized to the 
highest value reached within a set of experiments, which corresponds to a very stiff value 
of ki (ki >> kc). Solvation effects can be seen with characteristic “jumps” in the deflection 
curve and corresponding periodic changes in the amplitude curve.  
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Figure 4.1: (a) Raw data of deflection (dashed line) and normalized response amplitude 
(solid line) curves of an Si AFM cantilever (kc = 1.79N/m, Rtip = 50nm) immersed in 
OMCTS. The thick dashed line indicates the slope used to calculate the sensitivity Ω and 
the definitions of Z0 and V0 (see section 3.2.1). The corresponding vertical dashed lines 
indicate the positions of amplitude maxima and correspond to applied force maxima and 
minima. (b) Applied force (filled circles) and normalized amplitude (open circles) plotted 
as a function of tip-sample distance D after conversion of the data of (a) using equations 
3.6 and 3.8. A periodicity in the amplitude data of ~9Å is observed at separations of 
D=0−40Å. Tip instabilities (jumps) also occur at these distances. At separations greater 
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In this particular experiment, instabilities occur at separations smaller than ~ 40Å (see 
Figure 4.1(b)). In this region (D = 0Å to 40Å) the periodicity of the amplitude signal is ~ 
9Å, which is approximately equal to the diameter of an OMCTS molecule. At separations 
greater than ~40Å, the amplitude periodicity is halved to 4 - 5 Å. Experiments carried out 
with cantilevers of different spring constants show that these 1/2 period oscillations are 
consistently observed provided that ic kk >  i.e. no instabilities (“jumps”) occur. Further 
understanding is obtained by comparing the amplitude with the simultaneously measured 
applied force, i.e. the static cantilever deflection. Between D = 0Å and 40Å, the 9Å 
periodicity observed in the amplitude corresponds to discontinuous jumps in the applied 
force curve. In contrast, for separations greater than 40Å no discontinuous jumps in the 
applied force curve are seen. Careful comparisons made between applied force curves and 
amplitude curves show that the amplitude maxima of the 1/2 period oscillation are 
features that correspond directly to alternating maxima and minima in the applied force (as 
indicated by the dotted lines in Figure 4.1(a).  
The above amplitude response curve arises from the sample modulation technique. Since 
the measured amplitude d/A0 can never be negative, the solutions to Equation (3.14) are 
restricted to 
 








kk ci   for ki ≥ 0,         (4.1) 
   
and 











kk ci  for -kc < ki  ≤ 0.                  (4.2) 
Note that the value of ki is positive when in repulsive contact and negative when the 
interactions are in the attractive regime. A discontinuity occurs at ki → -kc, which 
corresponds to tip instability. Figure 4.2 shows the solution graphically, which illustrates 
that for a given amplitude d/A0, there are two possible solutions of ki. Therefore, for a 
force curve showing oscillatory behavior about ki, as in these experiments, the amplitude 
response d/A0 appears rectified i.e. period halved. When tip instabilities occur, the 
apparent periodicity returns to ~9Å because the experiment does not sample the attractive 
minima i.e. the strong attractive component of the data (negative values of ki) is not 












Figure 4.2: Solution to equation 3.14 (normalized amplitude d/A0 vs interaction stiffness 
ki) shown graphically. Note that tip instability occurs when ki < kc. The value of d/A0 is 
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above interpretation that the period halving in the amplitude is the measured response to 
the attractive and repulsive regimes of the force curve. The phase response (see equation 
3.13) should not show any rectified behavior i.e. the oscillation in the phase measurement 
should be ~9Å even in regions where the amplitude oscillation is ~4-5Å. This is indeed 
observed (Figure 4.3). Note that the phase data is restricted to qualitative analysis due to 
instrument limitations.  
Interestingly, the graph in Figure 4.2 indicates that in the attractive regime where –kc < ki 
< -kc/2, the value of d/A0 is greater than unity. Evidence of this phenomenon can 
occasionally be found in the solvation layer immediately preceding the first tip instability 
in approach curves, and immediately following the last tip instability in retraction force 
curves. Figure 4.4 shows an approach curve where such a measurement has been made. 
The value of kc in this particular experiment is 1.9N/m and the probe used is an AFM tip 
Figure 4.3: A plot of phase (•) and applied force (×) vs tip sample separation D. The 
behavior of the phase response (non-rectification) supports the interpretation that period 
halving observed in the amplitude is the sample-modulation response to the attractive and 
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modified with a glass bead (Rtip ≈ 2.5µm). As in Figure 4.1(a), rectified oscillations of ~ 
5Å in the amplitude curve between Z = 46nm and Z = 49nm are observed, with no tip 
instabilities in the corresponding deflection curve. At displacements of less than Z=46nm, 
discontinuities are seen in the deflection curve which are a result of tip instability. The 
arrow indicates the force minima which precedes the first tip instability, and at this 
distance the normalised amplitude peak is greater than unity. Using Equation (4.2), it is 
found that this attractive peak has an interaction stiffness of ki  = -1.02N/m which lies in 
the range of –kc < ki < -kc/2.  
Data where d/A0 is greater than unity is sparse due to the exponential dependence of the 
solvation force on tip-sample distance, which demands that all conditions have to be 
precise such that ki falls in the window of –kc < ki < -kc/2. The attractive minima indicated 
by the arrow in Figure 4.4 is the fourth minima observed from the sample surface. The 
Figure 4.4: A plot showing the approach force curves for an experiment where kc = 
1.9N/m and the probe used is an AFM tip modified with a glass bead (Rtip ≈ 2.5µm). The 
amplitude maxima at Z = 46.5nm (position of arrow) corresponds to a force minima for 
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three solvation minima nearer the surface can be measured by using a stiffer cantilever, 
and an estimate of the values of ki can be found using an approximate expression for the 
oscillatory forces [108]  
 






= )2cos()2(                                     (4.3) 
 
for a parabolic tip of radius Rtip, where kB is the Boltzmann constant, T is the temperature, 
ρn is the number density of molecules in the bulk liquid, τ is a decay length and σ is the 
diameter of the liquid molecules. For Rtip≈2.5µm, σ =τ =0.9nm (as found in SFA experiments 
[1]), T=300K and ρn=1.94×1027 m-3 into equation 4.3, ki is estimated for the first three force 
minima to be –24N/m, -9N/m, and –3N/m respectively for the experiment of Figure 4.4. These 
values fall in the range where ki < -kc, and are indeed observed as tip instabilities.  
A corollary of the above analysis is that if sample modulation is to be used to map the 
force curve, then, i) the applied force must be measured simultaneously to provide an 
indication of the sign of the force interaction i.e. repulsive or attractive and ii) 
discontinuities in the force curve must be avoided by using a cantilever of sufficiently 
high stiffness (kc) for a given tip radius.  
 
4.2 Solvation Forces vs. Molecular Structure 
SFA results have shown that oscillatory type behavior in the solvation force profile is 
dependent on the structure of liquid molecules in the mica-liquid-mica cavity [78-81, 84]. 
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For geometric reasons, the liquid molecules confined between the surfaces may pack (or 
order) into well-defined layers. Measurements of linear alkanes [80] and spherical 
molecules such as OMCTS [17, 79] show distinct oscillatory behavior while for branched 
molecules, oscillatory behavior is suppressed and replaced with a monotonic force profile 
supposedly caused by the disruption of molecular layering [84]. However, there has been 
one SFA report [19] showing oscillatory behavior in the force measurements of a 
molecule having a single side chain methyl group (3-methylundecane, C12H26,). In the 
same study, oscillatory forces were not observed in the force profiles of the more heavily 
branched molecule (squalane). Hence, although it is generally agreed that molecular 
asymmetry can disrupt oscillatory forces, its quantitative influence on solvation force 
measurements is not clear [19]. Indeed, computer simulation studies show that confined 
liquids exhibit oscillatory solvation forces [140, 142, 144] and density oscillations [140, 
142-144, 146] for all liquids regardless of the degree of branching in the liquid. 
The experiments in this section have been carried out on a variety of spherical, branched 
and linear molecules listed in Figure 3.15 on HOPG to ascertain the effects of 
molecular/surface structure on solvation force measurements.     
 
4.2.1 Spherical Molecular Liquids: OMCTS 
The force curves shown in Figure 4.5 are representative of data typically measured with an 
as-purchased AFM tip (shown previously in Figure 3.7(a)). SEM revealed the (post-
experiment) tip radius to be 26.2 ± 5.8nm and kc was measured to be 2.5N/m. With this 
choice of kc, no tip instabilities were observed.  
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Figure 4.5: Representative force curves from a single approach measured in OMCTS (kc = 2.5N/m, ω/ω0 = 
0.006, Rtip = 26nm). (a) Applied force (♦) and normalised amplitude (●) plotted as a function of separation 
(D). The dotted lines indicate that each amplitude maxima corresponds (alternatively) to either an applied 
force maxima or minima. No tip instabilities are present. (b) The amplitude data, converted into stiffness 
(ki), as a function of separation (D). The pk-pk stiffn 
ss values for the 1st, 2nd, 3rd, and 4th solvation layers (ki(1) to ki(4)) are measured to be 3N/m, 
1.5N/m, 0.7N/m, and 0.3N/m respectively. (c) Normalised force (F/Rtip) as a function of 
separation D (●), as calculated by integration of the stiffness data of Figure 4b. F/Rtip
values for the 1st, 2nd, 3rd, and 4th solvation layers (F(1)/Rtip to F(4)/Rtip) are measured to be 
25.6mN/m, 10.9mN/m, 2.8mN/m and 1.4mN/m, respectively. Also shown is the estimated 
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Figure 4.5(a) shows the normalized amplitude and applied force plot against tip-sample 
distance (D). The dotted lines indicate that the amplitude maxima correspond to 
alternating applied force maxima and minima. Figure 4.5(b) is a plot of stiffness as 
calculated from the normalized amplitude data. The peak-to-peak stiffness values are 
measured from the stiffness minima to stiffness maxima as indicated by the arrows, and 
vary from 3 to 1.5 to 0.7 to 0.3N/m for the first, second, third, and fourth solvation layers, 
respectively. Upon integration of the stiffness with respect to the tip-sample distance, the 
force can be calculated and normalized by the tip radius (Figure 4.5(c)). The normalization 
of the force with the radius arises from the “Derjaguin approximation” in SFA 
experiments [17] and is used in this work to facilitate comparison between different 
experiments with different values of R such as in AFM [23]. The normalized forces 
corresponding to the first, second, third, and fourth solvation layers are measured to be 
24mN/m, 13mN/m, 5mN/m, and 2.5mN/m, respectively.  
To compare the relative strength of the solvation force to the van der Waals contribution 
of the measured force, a calculation is made of the theoretically expected non-retarded van 
der Waals force as given by the continuum Lifshitz theory [221]. The attractive van der 
Waals force between a sphere and a plane is given by  
 
    26D
AR
F spplspvdw −=−                     (4.4)  
 
where Rsp is the sphere radius and A is the Hamaker constant. This force is expected if the 
intervening liquid were a structureless continuum, defined solely in terms of the bulk 
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dielectric permittivity. The Hamaker constant is not known for the SiO2-OMCTS-HOPG 
system (it is assumed the tip apex is SiO2), but can be approximated using eq.11.13 of [1], 
 











































εε                (4.5) 
 
where h is Planck’s constant, ve is the electronic absorption frequency, n is the index of 
refraction and ε is the dielectric constant. The subscripts (1, 2 and 3) on ε and n are indices 
representing SiO2, HOPG and OMCTS respectively. The respective dielectric constants 
and index of refraction values used here are ε1=3.82 and n1=1.448 [222], ε2=2.61 and 
n2=2.15 [223], and ε3=2.318 and n3=1.397 [79] for each respective material, giving Atot ≈ 
0.9 x 10-20 J. The theoretical van der Waals force curve is included in Figure 4.5(c). The 
van der Waals force is not discernible in the applied force data of Figure 4a as it is below 
the noise level. 
These force measurements differ qualitatively from AFM results reported previously [23], 
but are in good agreement with SFA data [17]. The oscillatory forces measured here are 3-
4 times greater than those reported by O’Shea et al [23].  
Several factors can influence oscillatory force measurements and can explain the 
differences with previous AFM data. They are: i) contamination i.e. the presence of both 
miscible and immiscible components in the liquid under study and ii) surface geometry, 
structure and roughness. In general, these factors can affect the geometrical layering of the 
liquid molecules in the tip-substrate cavity.  
 
4.2.2 Branched Molecular Liquids: Squalane 
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The data presented here is representative of measurements made in squalane confined 
between a Si AFM tip (Figure 4.6) and a freshly cleaved highly oriented pyrolytic graphite 
(HOPG) substrate. The sample displacement is oscillated at a peak-to-peak amplitude of 
1.2Å. The measurements are found to be reproducible over consecutive 
approach/retraction cycles when made with the same tip but can vary in magnitude when 
measured with different tips due to varying tip roughness and geometry [23, 172]. The 
cantilevers used in this work have typical kc values of ~3N/m.  
Figure 4.7(a) shows the applied force collected in a single approach/retract cycle. Three 
characteristic solvation “jumps” with average periodicity of 5.7±0.6Å are observed. True 
“contact” (D = 0) is assigned to the region where solvation jumps are no longer present. 
As noted previously, however, there is some uncertainty whether the tip is compressing a 
very tightly bound solvation layer at D=0 rather than being in hard-wall repulsion with the 
HOPG surface.  
Figure 4.6: SEM image of the Si AFM tip used in the squalane experiment described. Rtip
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Figure 4.7: (a) Plot of approach (•) and retracting (Ú) applied force curves for a Si tip (Rtip
= 55nm) in squalane. Solvation “jumps” with a periodicity of 5.7±0.6Å correlate to the 
parallel layering of squalane molecules in the gap. The adhesive force (Fads) is –1.1nN. (b) 
Tip-sample interaction stiffness force curve showing secondary features (arrows) 
correspond to the interdigitation of methyl branches between layers. The peak-to-peak 
stiffness values are 4.5N/m, 2.3N/m, 1.0N/m, 0.8N/m and 0.5N/m for the second, third, 
fourth, fifth and sixth solvation layers respectively. The dashed arrow (labeled ki(2) ) 
indicates the amplitude measured for the second layer. (c) The normalised force curve 
(F/Rtip) derived from the data of (b). The rapid decay rate of the repulsive maxima and 
shallow attactive minima indicate that solvation layers close to the HOPG surface are 
tightly bound while layers further away degrade due to imperfect structuring caused by the 
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It is evident that the measured periodicity correlates to the width of a squalane molecule. 
Single-branched alkane molecules have periodicity in the force profile of 4-5Å [19] and 
the value reported here for squalane is slightly larger due to more extensive molecular 
branching and/or reduced order within each solvation layer. The lack of hysteresis in the 
approach and retraction curves (Figure 4.7(a)) suggests that the ordering of the squalane 
molecules is in equilibrium over the time scale of the experimental measurement (~10ms). 
The normalised adhesive or “pull-off” force (Fads) as measured from the retraction curve is 
Fads/Rtip = 18mN/m. The non-retarded van der Waals force (Fvdw) between a spherical 
AFM tip and plane can be written as Fvdw/Rtip = -A/6D2, where A is the Hamaker constant. 
Hence using the measured adhesive force and assuming D=2Å at “contact separation” 
[17], the approximate Hamaker constant is calculated to be 0.4×10-20J for the system.  
Figure 4.7(b) shows the interaction stiffness profile measured in a different experimental 
run. The enhanced sensitivity of the modulation technique reveals six solvation layers. 
The average periodicity observed in the stiffness data is 5.8±0.6Å. The stiffness of the first 
solvation layer (at D≈5Å) cannot be measured due to tip instability. These results show 
that the squalane system is much stiffer compared with the simple, spherical molecule 
OMCTS. The peak-to-peak stiffness values we measure are 4.5N/m, 2.3N/m, 1.0N/m, 
0.8N/m and 0.5N/m for the second, third, fourth, fifth and sixth solvation layers 
respectively. These values are ~3 times larger than the stiffness of OMCTS measured with 
a tip of similar size [172]. Closer inspection of Figure 4.7(b) reveals secondary features 
(indicated by arrows), which extend ~1.5Å away from the repulsive maxima on either 
slope. These shoulders are especially prominent in the outer solvation layers and are not 
observed in the solvation force profiles of linear chain alkanes (see next section) and 
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OMCTS. These shoulders are associated with the interdigitation of the branched methyl 
groups between the solvation layers. Such interdigitated packing of methyl groups is also 
predicted in the computer simulated density profiles of confined squalane [142].  
The force can be calculated by integrating ki with respect to D. Figure 4.7(c) shows such a 
result derived from the data of Figure 4.7(b), with the force normalized by the tip radius 
(F/Rtip). A strong repulsive maximum is observed close to the HOPG surface (D≈9Å), 
which quickly decays with increasing separation from 25mN/m at D≈9Å to 6mN/m at 
D≈14Å. This decay rate is faster than the exponential dependence observed for OMCTS 
[1]. For the two solvation layers closest to the surface the repulsive forces in squalane are 
almost twice that of OMCTS while the attractive minima is about half compared to 
OMCTS [172]. These observations are in agreement with simulation results, which 
indicate that the repulsive forces in the squalane film are about twice that of straight chain 
alkanes and spherical molecules [139]. Forces at separations of less than ~8Å cannot be 
calculated reliably because tip instability occurs and it is not possible to integrate the 
stiffness data.  
The similarities between the features observed in the force profiles and those observed in 
the simulation results reported by Gao et al [142] are marked. These are: i) large stiffness 
and force in the solvation layers closest to the surface, ii) rapid decay rate, iii) shallow 
force minima, and iv) the presence of secondary “interdigitation” features. The periodicity 
shows that the molecules lie preferentially parallel to the confining surfaces.  There is a 
slight decrease in the periodicity going from the third to the second solvation layer, 
5.8±0.6Å to 5.1±0.2Å, suggesting a higher packing density, and coupled with the large 
repulsive forces for these layers implies that these molecules are tightly bound.  In 
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comparison, the rapidly decaying force profile of Figure 4.7(c) is indicative of the 
weakening of molecular order in the outer solvation layers. Simulation results show that 
confined squalane molecules have poor in-plane ordering due to the interdigitation of the 
methyl side groups [142]. This effect leads to the more widely spaced periodicity observed 
beyond the second solvation layer. The experimental evidence for interdigitation is found 
in the broadening of the repulsive maxima shown in Figure 4.7(b). This broadening 
extends ~1.5Å about the maxima, the approximate length of a methyl group. Simulations 
show that the shallow force minima result from the presence of the methyl side chains and 
is not observed for spherical and straight chain molecules [139].   
 
4.2.3 Linear Molecular Liquids: Hexadecane 
The data presented here is representative of measurements made in hexadecane confined 
between a Si AFM tip and a freshly cleaved HOPG substrate. The hexadecane-HOPG 
system is particularly interesting because of the structural commensurability of the 
hexadecane with the graphite lattice. This effect promotes physical adsorption of 
hexadecane molecules onto graphite surfaces forming a dense, two-dimensional 
crystalline monolayer [58, 124].  
Similar to force experiments in OMCTS and squalane, the sample is oscillated at a typical 
peak-to-peak amplitude of 2Å. The measurements are reproducible over consecutive 
approach/retraction cycles when made with the same tip but can vary in magnitude when 
measured with different tips [23, 172]. The cantilevers used in this work have typical kc 
values of ~3N/m.  
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Measurements presented used the Si AFM tip (Rtip=14.1±2.1nm, kc=3.3N/m) shown in 
Figure 4.8. A single approach/retract applied force is shown in Figure 4.9(a) where five 
characteristic solvation jumps can be observed. The average periodicity is 4.8±0.8Å. True 
“contact” (D = 0) is assigned to the region where solvation jumps are no longer present. 
As before, there is some uncertainty whether the tip is compressing a tightly bound 
solvation layer at D=0 rather than being in hard-wall repulsion with the HOPG surface.  
The periodicity observed here is in agreement with SFA measurements of hexadecane and 
other linear alkanes [80]. It is evident that the measured periodicity correlates to the width 
of a hexadecane molecule and indicates that the molecules lie preferentially parallel to 
the substrate surface. Interestingly, all applied force measurements show that the period 
of the first solvation layer is always slightly smaller than the average periodicity. For 
example, in Figure 4.9(a), the measured period of the first solvation layer is 3.5Å 
Figure 4.8: SEM image of the Si AFM tip used in obtaining the data in hexadecane 
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compared with the average periodicity of 4.8Å. Presumably the first layer is being more 
strongly compressed. 
Figure 4.9: Force measurements taken in hexadecane on HOPG with a Si tip (kc=3.3N/m, 
Rtip=14.1±2.1nm). (a) Plot of approach (∆) and retracting (•) applied force curves showing 
a solvation force periodicity of 4.8±0.8Å. The adhesive force (Fads) is –1.0nN.  (b) 
Measured tip-sample interaction stiffness for a Si tip approaching an HOPG surface in 
hexadecane. The peak to peak stiffness values are measured to be 5.1, 1.7, 1.1 and 0.9N/m 
for the second, third, fourth and fifth solvation layers respectively. Tip instability prevents 
the exact measurement of the first solvation layer although estimates show the stiffness to 
be large, with a maxima of 23.1N/m measured in this experiment. (c) The normalized 
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The lack of hysteresis in the approach and retraction curves (Figure 4.9(a)) suggests that 
the ordering of the hexadecane molecules is in equilibrium over the time scale of the 
experimental measurement (~10ms).  
The normalized adhesive or “pull-off” force (Fads) as measured from the retraction curve 
is Fads/Rtip = 70.9mN/m. Using the approximation, Fvdw/Rtip = -A/6D2 and assuming D=2Å 
at “contact separation” [17], the Hamaker constant is computed to be 2.8×10-21J for the 
system. In comparison, Christenson and co-workers have indicated that the Hamaker 
constant measured for the mica-hexadecane-mica system in the SFA cannot be greater 
than 5 × 10-21J [80]. 
Figure 4.9(b) shows the interaction stiffness profile measured with the same tip. The 
enhanced sensitivity of the modulation technique reveals five solvation layers with the 
onset of tip instability occurring at the first layer. The average periodicity observed in the 
stiffness data is 5.1±0.2Å. The peak-to-peak stiffness values are measured to be 5.1, 1.7, 
1.1 and 0.9N/m for the second, third, fourth and fifth solvation layers respectively. Tip 
instability prevents the exact measurement of the first solvation layer although the 
observed maxima of 23.1N/m indicates that it can be quite large. These results show that 
the hexadecane system is much stiffer compared to OMCTS [172] and only slightly more 
stiff compared to squalane [43].  
The force is computed by integrating ki with respect to D. Figure 4.9(c) shows the 
normalized force derived from the data of Figure 4.9(b). A large repulsive maximum is 
observed close to the HOPG surface (D≈8Å), which quickly decays with increasing 
separation from 38mN/m at D≈8Å to 6mN/m at D≈13Å. This decay rate is similar to 
AFM solvation measurements of squalane but faster than the exponential dependence 
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observed for OMCTS [172]. Forces at separations less than ~8Å cannot be calculated 
reliably because tip instability occurs and it is not possible to integrate the stiffness data.  
 
4.2.4 Other Liquids: Phenyloctane 
Preliminary measurements have also been carried out in phenyloctane confined between a 
Si AFM tip and a freshly cleaved HOPG substrate. The molecular structure of 
phenyloctane is that of a phenyl ring and an 8-C methyl tail. The phenyloctane-HOPG 
system is interesting because phenyloctane is used as a solvent in STM imaging of 
physisorbed monolayers [55-57, 59, 60, 118].  
A representative applied force curve is shown in Figure 4.10. At least two solvation jumps 
can be seen occurring with a periodically of 6.6±0.5Å. The number of solvation jumps is 
similar to that observed in squalane but less than the number seen in OMCTS and 
hexadecane. The measured periodicity is larger than the average periodicity of 4-5Å 
expected for a linear alkane [80], but is close to the effective size of a phenyl group, which 
is estimated to be between 6-7Å in size [1]. This strongly suggests that the phenyl groups 
dominate the ordering process in the solvation layers.  
Although stiffness and normalized force measurements have not been made at this time, 
the normalized force can be estimated by dividing the applied force with the tip radius. 
With Rtip=17.2±0.8nm, the normalized applied force is 122mN/m and 34.9mN/m for the 
repulsive force maxima of the first and second solvation layers respectively. This strong 
repulsive force maxima is much larger than in OMCTS, which exhibits similar periodicity 
in the solvation force. It is possible to suggest that commensurability effects between the 
octane tail and the graphite surface are anchoring the molecule to the graphite thus 
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providing additional mechanical rigidity. Strong commensurate effects have been shown 
for the case of pure octane [140, 171, 224, 225] and other short chain alkanes [123, 127] 
on HOPG. However, more experimentation is required to verify this conjecture.  Finally, 
by applying the Derjaguin approximation, the Hamaker constant is calculated to be 
2.6×10-21J for the system.  
 
4.2.5 Effects of Liquid Structure 
 
The main point to note is that all the liquids show oscillatory behavior in AFM solvation 
force measurements regardless of molecular structure. This observation is in marked 
contrast to SFA data, which shows that structural asymmetry such as molecular branching 
can disrupt molecular layering, resulting in a non-oscillatory monotonic force profile [1, 
Figure 4.10: Applied force curve of phenyloctane measured in a single approach (∆) and 
retraction (•) cycle with a Si tip (kc=2.54N/m). The average periodicity here is measured 
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19]. The force oscillations are characterized by a period approximately equal to a 
molecular diameter of the liquid under study.  
This view is supported by computer simulation, which predicts that all simple liquids 
exhibit oscillatory forces [126, 139-142, 144] and density oscillations [126, 130, 139-144, 
146] regardless of the degree of branching in the liquid.  
Interestingly, the representative force curves in this chapter reveal important information 
on the layering characteristic of each molecule type. These measurements are listed in 
Table 4.1 and summarized below. 
 
I. Periodicity of force oscillations  
The orientation of molecules within solvation layers can be interpreted from the measured 
average periodicities, σliquid. The results show linear (σhexadecane=4.8±0.8Å) and branched 
(σsqualane=5.7±0.6Å) molecules lie preferentially parallel to the HOPG surface.  The larger 
periodicity measured in squalane can be related to the presence of the additional methyl 
branches and/or reduced order within each solvation layer. The situation is different in the 
case of phenyloctane (σphenyloctane=6.6±0.5Å) where solvation layer periodicity is 
dominated by the phenyl group, which is estimated to be 6-7Å in size [1]. Clearly, this 
measurement arises from the preferred packing order of the bulkier phenyl groups and 
indicates that the phenyl group does not layer parallel with respect to the HOPG, at least 
in these time averaged force experiments. Such an interpretation is consistent with 
measurements of the spherical OMCTS molecules (σOMCTS=10.7±1.2Å).  
Typically, the periods of force oscillations closest to the substrate surface are noticeably 
smaller than those further out.  The most probable explanation is that the layering of 
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molecules next to the substrate surface is of higher packing density. The period of the first 
solvation layer in hexadecane which measures σ1≈3.5Å is of particular importance as it 
corroborates studies showing that hexadecane molecules physisorb onto graphite surfaces 
forming a dense, two-dimensional crystalline monolayer [58, 124] because of structural 
commensurability with the graphite lattice.  
 
II. Stiffness and normalized force measurements  
The peak-to-peak interaction stiffness and normalized repulsive force maxima are the 
largest in hexadecane followed by phenyloctane, squalane and finally OMCTS. These 
measurements can be viewed as an indication of the degree of co-operation between liquid 
molecules in their respective solvation layers or alternatively the force needed to disrupt 
Table 4.1: A summary of the experimental measurements made in different liquids. The 
values in [] brackets are derived from applied force data. 
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the solvation layers and displace material from the tip-sample cavity. The solvation layer 
closest to the surface tends to exhibit strong co-operative effects and a high compression is 
required to remove the molecules from the gap, the material in effect shows “solid” 
behavior, not liquid [100]. For example, the large stiffness and force measurements of 
hexadecane in the first and second solvation layers, in combination with the small 
solvation periodicity and STM images, strongly support the interpretation that these 
molecules form a dense, two-dimensional crystalline monolayer due to structural 
commensurability between the surface and liquid [58, 124].  
The origin of the large stiffness and force observations for phenyloctane is uncertain.  A 
possibility is that commensurability effects between octane tails and the underlying 
graphite stiffens the material against disruption, despite the dominance of the bulkier 
phenyl groups in the solvation layers. It is interesting to note that large repulsive force 
maxima in the first solvation layer have been observed in normalized force distance curves 
measuring the interaction between a Si3N4 tip and HOPG in 1-propanol (~70mN/m) and 1-
pentanol (~30mN/m) [116].   
The stiffness data of Figure 4.7(b) indicates that squalane molecules undergoing nanoscale 
confinement are tightly bound closest to the surface and form discrete layers in the tip-
sample cavity. However, the effect of molecular branching, which degrades the quality of 
layering, is manifest in the rapid decay rate of the force maxima closest to the surface and 
in the observation of shallow force minima.   
Finally, it is conjectured that the small stiffness and force maxima of OMCTS arises from 
the incommensurability of the molecule to the graphite lattice. Unlike hexadecane, 
squalane, and phenyloctane, which are largely made up of alkyl groups, the chemical 
structure and shape of OMCTS molecules prevents any strong binding to the graphite 
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surface. The spherical OMCTS molecules can pack efficiently when confinement is 
imposed but the molecules can also be easily ejected out of the tip-sample cavity due to 
the lack of structural affinity with the substrate surface.  
 
III. Comparisons with SFA 
The results reported here differ markedly in the case of squalane [19] and quantitatively 
(in normalized force calculations) for hexadecane [80] from previous SFA experiments. It 
is believed that these effects arise from two experimental differences, namely i) the 
substrate material is HOPG as distinct from mica, and ii) the smaller interaction area of 
AFM.   
i) HOPG has a surface geometry very similar to that of alkanes. Alkane molecules and 
their derivatives are known to physisorb strongly on HOPG because of the close 
registry between adsorbant and surface [55-57, 59, 60, 118].  This may be a 
contributing factor in the very strong repulsive forces observed for the first solvation 
layers of hexadecane, phenyloctane and squalane. Interestingly, the normalized force 
curve measured with AFM for OMCTS on HOPG and SFA for OMCTS on mica are 
essentially the same (see below) which may result from the lack of structural affinity 
between OMCTS molecules and both these surfaces. 
Similarly for squalane, it is possible that the absence of an oscillatory force in SFA 
experiments is a consequence of the surface structure of mica. AFM solvation 
experiments were undertaken for the mica-squalane system and the results are 
inconclusive. There are hints in the force profiles that oscillatory forces are present but 
the oscillations are weak and not reproducible. A net attractive force is observed, 
presumably as a result of hydrophilic interactions between SiO2 present on the Si tip 
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and the mica substrate. In contrast, SFA experiments in squalane show the onset of a 
strong monotonic repulsion at separations of D≈16Å [19].  A possible explanation for 
this discrepancy is that the AFM tip can more readily penetrate and laterally displace 
squalane molecules immobilized on the surface.   
ii) Clearly, the lateral extent of the interaction area is important in the measurement of 
oscillatory solvation forces. The effective contact area in AFM is ~10-16m2 compared 
with ~10-10m2 in SFA. Simulations predict that spherical and straight chain molecules 
may develop well-ordered solid-like characteristics when strongly confined [142] 
whereas branched molecules, such as squalane, exhibit liquid-like characteristics. 
Thus, it is anticipated that the correlation between adjacent regions of confined 
squalane will be much weaker than in the case of comparable straight chain molecules. 
In this respect, the confined squalane may be considered as an amorphous-like 
material exhibiting short range order. This view is supported by He-atom scattering 
and neutron-scattering experiments of squalane monolayers at the liquid-graphite 
interface [166]. The AFM tip is able to probe and measure these localized molecular 
correlations. In contrast, the lack of long range order in squalane in combination with 
the measurement over a large interaction area appears to average out any oscillatory 
type force behavior being observed in SFA experiments.  
In concluding this section, it has to be stressed that AFM solvation force measurements 
provide only direct experimental evidence on the nanomechanics and layering of liquid 
molecules normal to the surfaces during confinement. The lateral properties of liquid 
molecules trapped in the tip-sample cavity, which include i) commensurability effects on 
in-plane molecular ordering, and ii) the range and structure of the layers, can only be 
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inferred from solvation force measurements. In this regard, AFM and STM images 
provide additional information on the lateral ordering of these liquids on HOPG and will 
be discussed in Chapter 5.  
 
4.3 Tip Effects in Solvation Force Measurements 
It has been shown from SFA data that oscillatory behavior does not occur if the surfaces 
are contaminated or rough since asymmetry and roughness break up the ordering of the 
liquid [1].  The oscillatory behavior of the solvation (layering effect) is lost and replaced 
by a monotonic solvation force when the two opposing surfaces are randomly rough [18]. 
Theoretical investigations similarly predict that oscillatory behavior is significantly 
reduced for a liquid confined between two rough surfaces [147, 148]. Unfortunately, it is 
inherently difficult to replicate experiments with the matching theoretical conditions since 
difficulties arise when one tries to isolate surface roughness as an effect and vary the 
surface roughness quantitatively.  
Section 4.2 discussed issues pertaining to solvation force measurements on atomically 
smooth HOPG. In the following sections, the issue of tip nanoscale roughness in AFM 
solvation measurements is explored by comparing the results obtained in OMCTS with Si 
AFM tips to previous SFA [17] and AFM data [23]. In addition, the attachment of 
colloidal beads to AFM tips is undertaken to introduce random roughness into the system. 
 
4.3.1 AFM Tip Effects 
The normalized force measurements of OMCTS on HOPG reported in section 4.2.1 for Si 
tips differ from AFM data reported previously [23] but are in good agreement with SFA 
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data [17]. A list of these measurements has been compiled and presented in Table 4.2. It 
can be seen that the oscillatory forces measured in section 4.2.1 are 3-4 times greater than 
those reported by O’Shea et al [23]. The differences in the OMCTS solvation force 
measurements can arise from surface contamination and/or the combined effects of 
surface geometry, structure and roughness. The following discussion describes how these 
factors can affect and bring about differences in OMCTS solvation force measurements 
using AFM.  
 
I. Contamination 
All the experiments in this work have been performed with as-purchased OMCTS in N2 
purged environment. No further attempts were made to purify the OMCTS. OMCTS is 
hydroscopic and the possibility of water or organic contamination at the tip/liquid/sample 
cannot be excluded and is a general problem for AFM studies in liquids. Horn et al [17] 
reported that the presence of water in SFA experiments for mica-OMCTS-mica resulted in 
behaviour very much like a purely attractive van der Waals force in which the oscillation 
amplitudes were lowered to the point where the force became attractive at all distances. 
The AFM results shown in section 4.2.1 however show no evidence of such behaviour. 
Furthermore, no significant capillary effects can be seen in the AFM force curves (Figure 
4.5). It is worth noting that the magnitude of the measured AFM force oscillations are 
close to those measured using the SFA with purified and dry OMCTS (see Table 4.2). 
Hence, water and other sources of contamination can be discounted as being significant in 
these experiments. Note that the presence of water contamination within the OMCTS bulk 
liquid is not precluded. Observations merely indicate that such contamination does not 
appear to influence the forces at tip-sample contact. This behaviour may be the result of 
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the small radius of curvature of the system, which allows contaminants to rapidly diffuse 
from the contact zone, or the use of a hydrophobic substrate (HOPG). 
 
II. Surface Roughness, Curvature and Geometry 
The possible effects of the tip shape on AFM measurements are now considered. Monte 
Carlo simulations [149] for confined spherical molecules indicate that solvation forces can 
be present between a flat surface and extremely sharp tips (Rtip = 1σ to 10σ). Importantly, 
equation 4.3 and computer simulations [149] show that solvation forces scale with the tip 
Table 4.2: A comparison of selected experimental data showing the variation in F/Rtip 
between different experiments. F/Rtip is shown for the 2nd, 3rd and 4th solvation layers. See 
text for details. 
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radius. This result implies that smooth tips of different tip size should measure the same 
normalized force F/Rtip. However, this is not found for AFM experiments (see Table 4.2).  
A possible explanation of the differences between AFM experiments is that the surface 
roughness or the tip symmetry differs. Experiments repeated with different sized tips 
(Rtip~20-50nm) gave varying oscillatory force magnitudes, while repeated measurements 
using the same tip gave reproducible data. The data shown in Figure 4.5, which was 
measured with a tip of radius 26nm, resulted in large oscillatory forces. This particular 
data is in close agreement with SFA results [17], although the AFM tip radius is six orders 
of magnitude smaller than the radius of curvature of the SFA. Since the SFA data is taken 
using atomically smooth mica surfaces the similarity in the data of Figure 4.5 and the SFA 
experiments suggests that the tip used is molecularly smooth (on the length scale of the 
OMCTS molecule, ~1nm) and geometrically symmetric. In contrast, AFM data from 
another study [23] shows considerably smaller oscillatory forces (see Table 4.2) for a 
similar sized tip (Rtip = 14nm). In this way, measurements of known oscillatory forces in 
simple liquids (OMCTS) provide a qualitative indication of the surface roughness and 
symmetry of the interacting surfaces.  
The smaller solvation forces measured previously [23] can also be attributed to a faster 
relaxation time of the confined liquid molecules if extremely sharp tips (or asperities) are 
used. A very small tip size implies a smaller confinement volume for the liquid, and hence 
the confined molecules may relax more quickly, i.e. the collective motion of the confined 
molecules is less “solid-like” for a smaller confinement volume [24].  It is difficult to 
comment further on this conjecture, as AFM data is too sparse to allow any quantitative 
statements on the effect of relaxation times. In this respect, Figure 4.11 shows force 
curves measured using a smaller sized tip (Rtip = 19.1 ± 3.4nm). F/Rtip for the second, third 
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and fourth solvation layers were measured to be 10.5mN/m, 6.2mN/m and 1.1 mN/m 
respectively (see Table 4.2). These values are similar in magnitude to the measurements 
made using Rtip = 26nm but do not show a distinct exponential variation with distance. 
Whether such differences arise from possible relaxation effects or tip geometry or both is 
not known at present.  
The variations in the force measurements underline the importance and difficulty of 
characterizing the tip  (roughness, size, and symmetry) at the molecular level for AFM 
solvation force measurements. It is doubtful if the peak-to-peak oscillation can be used to 
estimate the tip radii, as suggested in ref. [149] and one cannot assume a priori that even a 
nanoscale tip has low surface roughness. 
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Figure 4.11: Plot of ki (●) and calculated values of F/Rtip (Ο) as a function of separation D.
For this tip (Rtip = 19nm), F/Rtip for the 2nd, 3rd, and 4th solvation layers are 10.5mN/m, 
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Oscillatory behaviour in the solvation force was also observed for bead modified tips (Rtip = 10µm) 
approaching a HOPG surface immersed in OMCTS. However, the forces were variable and 
significantly smaller than expected for a smooth sphere approaching a flat. The beads are clearly not 
“molecularly smooth” and experiments have been carried out to analyse the morphology of the bead 
surface to provide insight into how surface roughness influences the force measurements.      
 
I. Roughness measurements 
Figure 4.12(a) shows a SEM image of the surface of a 10µm bead used for the experimental 
results of Figure 4.13. The bead was thoroughly cleaned as described in section 3.1.2. Although it 
is not certain that Figure 4.12(a) shows the exact “interacting” surface, clearly asperities 10-20nm 
in radius and ~30nm in height can be seen protruding from the bead surface. Reverse AFM 
imaging of the bead surfaces is shown in Figures 4.12(b)-(c). The scan range of 200nm x 200nm 
in Figure 4.12(b) was chosen to be of the same order as the force interaction area of a 10µm bead 
i.e. the interaction area can be approximated as 2πRtipσ ≈ 31400nm2 which corresponds to a scan 
range of about 150nm by 150nm. The scan size was increased to 1µm x 1µm to check if the 
surface roughness was homogeneously distributed on the bead surface. The resulting image 
(Figure 4.12(c)) reveals that the bead surface is not smooth on this length scale. The bright spots 
are either contaminants or asperities protruding from the surface.  
The average height (z) and rms roughness have been computed using the PicoSPM 
software over the entire topographic area covered in each image. These are 15.8Å and 
4.9Å for Figure 4.12(b) and 44.8Å and 19.1Å for Figure 4.12(c) respectively. Cross-
sectional line scans have been included in both Figure 4.12(b) and (c). The black lines in 
each topographic image indicate where the cross-section was taken. The cross-sections are  
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Figure 4.12: (a) A high resolution SEM image (side view) of the surface of a bead 
attached to an AFM tip showing asperities protruding from the surface. The asperities are 
typically 10-20nm in radius and ~30nm in height. This bead was used in the force 
measurements presented in Figure 4.13. (b) Top: A 200nm × 200nm reverse AFM image 
of a 10µm bead surface. The average height and root-mean-square roughness values are 
15.8Å and 4.9Å respectively. Bottom: A cross section of the surface taken along the solid 
line shown in the image. The average height and root-mean-square roughness for fifty 
points picked randomly along this line scan is 14.9Å and 5.6Å respectively. These heights 
are indicated by the dashed lines in the cross section. (c) Top: A larger area reverse AFM 
image (1µm × 1µm) of the 10µm bead which includes the area scanned in (b). The bright 
spots in this image are either contaminants on the surface or asperities protruding from the 
surface. The average height and rms roughness are 44.8Å and 19.1Å respectively. Bottom: 
Cross section of the surface taken along the solid line shown in the image. The average 
height and root-mean-square roughness for fifty points picked randomly along this line 
scan is 41.1Å and 19.8Å respectively. These heights are indicated by the dashed lines in 
the cross section. The features marked 1, 2, and 3 correspond to large asperities which 
dominate the short range force interactions. 
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analysed by measuring height (z) values at fifty random locations on each curve and 
calculating the average height ( z ) and the rms roughness. For Figure 4.12(b), it is found 
that z  = 14.9Å and Rrms = 5.6Å. Similarly for Figure 4.12(c), measurements give z  = 
41.1Å and Rrms = 19.8Å.  The dotted lines in the cross-section views represent these 
distances. 
It is observed that even though most of the undulating features are in the sub-nanometer 
regime, peaks and troughs lie above and below the measured roughness level. For 
example, in Figure 4.12(c), the height of the asperities labelled (1, 2, 3) are measured to be 
90Å, 80Å and 107Å, respectively. The three asperities have radii of curvature of between 
5 - 10nm. Clearly, characterising the surface using a single rms roughness value is not 
sufficient in providing a quantitative description of surfaces. In these experiments, for 
example, it is found that asperities are present on all the glass beads used, and such 
protrusions will necessarily dominate in the measurement of short-range force 
interactions. The existence of large surface roughness on nominally “spherical” beads is 
also critical in the AFM measurement of certain long-range forces such as Casimir forces 
[36] and is clearly significant in any measurement of adhesion forces for “chemical” AFM 
applications. This observation is often overlooked in AFM studies. 
 
II. Force measurements 
Measurements of oscillatory forces in OMCTS were undertaken with bead modified tips 
and the results are variable. Differences in the force curve can occur in repeated force 
measurements either using the same tip or between different tips. In some cases, 
oscillatory behaviour is completely eliminated from the force curves and replaced by a 
monotonic attractive force.  
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Figure 4.13 shows data of a force measurement where oscillatory behaviour is observed. 
The periodicity of the force oscillations is 10.2 ± 0.8Å. The cantilevers used in bead-
modified experiments have typical ck  values of ~ 60N/m and tip instability occurs only at 
the solvation layer closest to the surface. The peak to peak stiffness values corresponding 
to the second, third, and fourth solvation layers are measured to be 60N/m, 25N/m and 
20N/m and the corresponding normalised force values are 1.6mN/m, 0.6mN/m, and 
0.2mN/m, respectively (see Table 4.2). Table 4.2 shows that the bead modified tips have 
significantly smaller peak to peak force amplitudes compared with the SFA data and the 
AFM tips. This observation and the strong variability in the data are indicative of a rough 
surface. However, the observation of oscillatory forces is in itself of interest because the 
current understanding is that a randomly rough surface of only a few angstroms is 
sufficient to eliminate oscillatory forces [1]. The observation of oscillatory forces 
Figure 4.13: Plot of stiffness (●) and F/Rtip (Ο) as a function of D for the bead modified tip 
shown in Figure 4.12. F/Rtip for the 2nd, 3rd, and 4th solvation layers are 1.6mN/m, 
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indicates that liquid molecules in the bead-substrate gap can behave co-operatively over 
localized regions i.e. around the asperities. The random surface roughness suggests that 
the variation in force curve measurement arises from the specific morphology of the bead 
surface which faces the sample surface. The morphology may even change during 
experimentation, for example if the surfaces come into mechanical contact and the 
contacting asperities thereby are plastically deformed.  
From this study, it is concluded that the oscillatory behaviour of the solvation force does 
not entirely vanish for surfaces which have rough surface features larger than the 
molecular size of the mediating liquid. The observed oscillatory behaviour can be taken as 
an “averaging” of the oscillatory forces over small, individual asperities. The observation 
of oscillatory forces for rough surfaces has important implications in tribology as it 
demonstrates that surface forces can be present at technically realistic contacts. 
 
4.4 Summary 
Oscillatory solvation forces have been shown to be present in all liquids studied here when 
subject to nanoscale confinement between an AFM tip and a graphite substrate. These 
results agree with computer simulations but can differ markedly from SFA data for 
branched liquids due to the smaller confinement area and for the different chemical nature 
of the surfaces in AFM.  In addition to applied force measurements, the enhanced 
sensitivity of the sample modulation technique reveals additional information on the 
nanomechanical properties of the liquid solvation layers. Stiffness measurements show 
that layering characteristics in the tip-sample cavity can be different for liquids of 
differing liquid structure. It can be inferred that hexadecane is the most well ordered and 
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strongly bound liquid, followed by phenyloctane, squalane and OMCTS.  The features 
observed in the first solvation layer of the hexadecane force profile include a large 
repulsive force maxima (i.e. strong molecular binding) and a small solvation period. It is 
speculated that such behavior is brought about by commensurability effects between the 
liquid and substrate. Differences observed between separate AFM force experiments in 
OMCTS suggest that roughness present on AFM tips can strongly affect the magnitude of 
solvation force measurements. Conversely, it is concluded that the oscillatory behavior of 
the solvation force does not entirely vanish for rough surfaces, which have surface 
features larger than the molecular size of the mediating liquid.  
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Chapter Five 
Surface Induced Molecular Ordering  
 
In the context of confinement and in particular to solvation force experiments, it is clear 
that varying degrees of molecular structuring can take place at an isolated surface, 
depending greatly on the solid-liquid system involved. However, it is not known, for 
example, if these effects can enhance the magnitude of solvation force oscillations. The 
following AFM and STM investigations explore the structure and dynamics of surface 
induced molecular ordering on HOPG in systems of pure liquids and miscible 
solutions/liquid mixtures. Results from the previous chapter have shown that pure liquids 
order in the direction normal to the surface. Similar observations are noted in this chapter 
for solutions and liquid mixtures, which form discrete co-existent molecular layers with 
one molecular species being preferentially adsorbed. This behavior marks the onset of 
self-assembly [159], where physisorbed molecules exhibit long-range lateral crystallinity, 
depending on structural commensurability between molecules and substrate. These events 
take place at the solid-liquid interface without the physical constraints imposed by 
confinement, corroborating previous experimental observations (i.e. STM [55-58] and 
neutron scattering [163, 225, 226]) and computer simulations.  
 
5.1 Preferentially Adsorbed Systems  
This section introduces experiments carried out in four different preferentially physisorbed 
systems. Emphasis is placed on results showing the dependence of the lateral ordering of the 
monolayer to the structure of the adsorbate molecules. This is typically carried out by 
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correlating the averaged measurements of specific monolayer features (e.g. lamella width, 
molecular lengths) observed in AFM/STM images with the values expected from 
geometric models. HOPG is the substrate used in all experiments. The preferential 
adsorption of molecules can occur from binary liquid mixtures [158] or from solution 
[159]. Simulations show that the preferential adsorption of longer chain alkanes to solid 
surfaces is driven by the lowering of the energy associated with improved packing and 
intermolecular ordering at the liquid-solid interface, in order to compensate for the loss of 
conformational and mixing entropy upon selective adsorption [158] (see section 2.4.3.). 
Also known as a physisorbed self-assembled monolayer (SAM) [10, 59, 60], preferential 
adsorption is distinct from chemisorbed SAM systems (e.g., alkanethiols on Au [227]) 
where long chain alkyl molecules are forced to align nearly perpendicular to the surface 
plane due to covalent bonding between a molecular head group and the substrate surface 
[228].  
   
5.1.1 The Formation of a Two-Dimensional Supramolecular Chiral 
Lamellae by Diamide Molecules at the Solution/Graphite 

















Figure 5.1: The schematic chemical structure of two mirror-imaged molecules of N, N’-
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In this study [122], the molecules involved consist of two amide groups (-CONH-) placed 
in the middle a linear, saturated alkane chain. The general chemical formula is expressed 
as C5H11-CO-NH-(CH2)12-NH-CO-C5H11 or N, N’-dodecanomethylenebishexanoamide 
(NND) (see Fig. 5.1). The synthesis of these molecules has been carried out using 
standard procedures [122] and for STM experiments 0.5mM solutions are prepared by 
adding NND into 4-chlorotoluene and heating until complete solvation. Upon cooling, a 
clear solution is obtained without any precipitation. The solution is added to a teflon liquid 
cell, the STM tip is introduced into the solution and images taken at the liquid-solid (i.e. 
HOPG) interface. During the experiments, the sample cell and STM scanner are all 
enclosed in a sealed glass chamber saturated with solvent vapor to avoid solvent 
evaporation from the sample cell.  The topographical data in this study has been retrieved 
in constant current operation. Typical tip bias values are set in the range of -0.75V to 
+0.75V and tunneling current setpoints are typically in the range of 0.3nA to 0.8nA.  Each 
STM image is acquired after scanning the same area for more than five minutes to ensure 
that the system is stable. The observation of dynamic motion at different stages of 
monolayer growth is the result of the constant exchange of molecules between the 
monolayer with those in the liquid phase and neighboring domains. STM images reveal 
that the NND molecules are preferentially adsorbed, forming a well-ordered 2-D lamella 
structure at the solution/ graphite interface. Ordered lamellae are typically observed half 
an hour after the solution is introduced into the cell.  
It is found that the lateral ordering of the monolayer is constrained by H-bonding between 
the carbonyl (C=O) and N-H moieties of the amide groups present on neighboring alkane 
chains. As a result, these achiral molecules present two types of 2-D crystalline 
supramolecular lamella domains of opposite chirality. The direct observation of 
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supramolecular chirality in 2-D organic monolayers by STM has remained sparse [229-
231]. In particular, very little is known about the influence of chirality on the assembly of 
achiral molecules into monolayers [230, 231]. The results show that chirality is expressed in 
the formation of a hydrogen-bonded network between the achiral diamide molecules.  
Figure 5.2 is an STM image of NND molecules physisorbed onto a HOPG surface. The 
image consists of molecules self-assembled into six distinct 2D polycrystalline domains.  
The size of a crystalline domain is observed to vary between 20 nm to more than 100 nm.  
Within each domain, well-ordered lamella patterns with parallel bright ridges and dark 
troughs can be resolved. The perpendicular distance between two troughs is about 
Ll=31.7 ± 0.3 Å, which is slightly shorter than the full length of the molecule. The 
Figure 5.2: STM topography of the monolayer of N, N’- dodecanomethylenebishexanoamide
at the solution/graphite interface.  In this region the monolayer consists of six (numbered) 
domains with different lamella orientations.  The XY scan range is 120.6 x 120.6 nm2 and 
Z range is 0.17 nm.  The tip bias was –0.350 V, tunneling current was set at 347 pA, and 
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measured peak to peak corrugations of the lamella patterns is about 4 to 5Å, 
corresponding to the diameter of a single molecule lying on the graphite surface. These 
features are consistent with those reported in the literature for simple alkanes [55-58].  
Figure 5.3(a) shows a high-resolution STM image of the lamella structure where 
individual molecules are clearly resolved.  This image is remarkably similar to those of 
a) 
b) 
 δ δ  δ
Figure 5.3: (a) A high-resolution STM image of an ordered 2-D lamella structure with a 
XY scan range of 9.3 x 9.3 nm2 and a Z range of 0.38 nm. The five straight lines are 
drawn along three lamellae. The molecules in neighboring lamella shift by half the 
(parallel) intermolecular spacing. (b) The cross-section height profile along the single 
straight line at the center of  (a) with arrows and dashed lines representing the average 
peak position. The tip bias was –0.300 V, tunneling current was set at 777 pA, and the 
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alkane layers at the liquid/graphite interface first reported by McGonigal et al [57]. The 
molecules are packed with their lengths parallel to each other and separated by a distance 
dl=4.33 ± 0.98 Å. Similar to linear alkanes [168], neighboring lamella molecules are 
intercalated along the lamella direction by half their parallel spacing (as shown by the five 
lines in Fig. 5.3(a)).   
The distance between two neighboring troughs, taken along the molecule length, is 
measured to be L=32.7 ± 0.3Å, which is 1.2Å larger than the theoretical molecular length 
of 31.5Å. This observation is consistent with computer simulation, which predicts that 
molecular stretching occurs because of the lattice mismatch between alkane molecules and 
HOPG [159]. The reason why neighboring molecules in adjacent lamella have to be offset 
by half an intermolecular spacing results from the packing of the end methyl groups to 
intercalate with the next row along the lamellae instead of aligning in a head to head 
configuration. Of course, it is also possible that the packing is influenced by the tilting of 
the alkyl chains up from the surface, leading to a smaller interaction between sections of 
the molecule and the substrate, and presumably, a smaller tunneling signal. Thus, the low 
tunneling current in the regions joining lamellae may be an indication of tilting of the 
alkyl chains as a result of packing constraints. However, this is only a conjecture because 
of the difficulty, as in all STM experiments, to unambiguously separate electronic 
(tunneling) effects from the topography signal. 
In contrast to the low tunneling current at the ends of each molecule, the middle portion of 
each molecule is a bright band indicating enhanced tunneling current.  However, it is still 
difficult to resolve the ~2.5 Å repeat distance between alternating methylene groups in the 
alkyl chain as reported elsewhere [55-58]. There is no obvious difference in contrast in the 
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region between the amide groups as compared to the rest of the methylene groups in the 
alkyl backbone.  Note that the sample bias was set at –0.300V. At this setting, the results 
presented here are similar to other STM reports showing contrast saturation in the amide groups of 
octadecanamide monolayers [232] and stearoyl amide monolayers [233]. 
Figure 5.3(b) shows the height profile along the axis of one molecule, where a modulation 
of image contrast is seen. Besides the higher features in the middle portion of the height 
profile, there appear four peaks symmetrically distributed along the molecule with regular 
periodicity. The modulation periodicity is measured to be δ = 7.23 ± 0.96Å, which is 
approximately three times the lattice spacing of graphite (2.46Å).  
It is important to note that the molecular chains in this system are tilted at an angle of 
θ=75.8 ± 2.2° relative to the lamellae direction (Figure 5.4). This is in contrast to the 
perpendicular angle in alkane monolayers [55, 57-59]. The use of a simple geometric 
model (see next section) indicates that molecular tilting can be explained as a consequence 
of structural constraints imposed both normal to the surface (i.e. molecule-surface 
commensurability effects) and in the interfacial plane (i.e. hydrogen bond formation 
between neighboring molecules). Table 5.1 summarizes the important experimental 
parameters for the NND-HOPG system.  
 
I. Proposed Structure of 2-D lamellae 
The NND molecule consists of two amide groups, which are separated by twelve 
methylene groups along the alkyl chain (Figure 5.1). Assuming the molecules in the 
lamellae present an all-trans conformation, each molecule should have an extended zig-
zag backbone very similar to the adsorption of saturated normal alkanes. While the 
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orientation of the molecular plane (i.e. plane containing the carbon atoms) of physisorbed 
alkanes is a matter of debate [59], any formation of hydrogen bonds between amide 
groups of neighboring NND molecules requires that the molecules line up with the 
molecular plane aligned parallel to the HOPG surface.  
Additionally, the C=O and N-H groups of each respective amide within a single molecule 
are on opposite sides of the molecular chain. Figure 5.4 shows the proposed structure 
model for NND adsorbed on HOPG. Each molecule in a lamella only needs to shift along 
the chain axis by a distance of half a zig-zag so that both the N-H and C=O groups can 
coincide with their counterparts in neighboring molecules to form linear hydrogen bonds 
Table 5.1: Experimentally Measured Values for N, N’- Dodecanomethylenebishexanoamide 
adsorbed on HOPG. 
 
 
Lamella Width (Ll) 
 
 
31.7 ± 0.3 Å 
 
Length of Molecule (L) 
 
 
32.7 ± 0.3 Å 
 
Intermolecular Distance (dl) 
(Parallel to lamellae) 
 
 
4.33 ± 0.98 Å 
 
Intermolecular Distance (d) 
(Perpendicular to molecular axis) 
 
 
4.18 ± 0.95 Å 
 
Modulation periodicity (δ) 
 
 
7.23 ± 0.96 Å 
 
Tilting Angle (θ) 
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(C=O⋅⋅⋅H-N).  The hydrogen bonds extend to both sides of the molecular chain to form a 
2-D hydrogen-bonding network. This results in the formation of lamellae. The zig-zag 
shifting of the adjacent molecules results in the tilting of the angle between the molecular 
chains and the lamella.   
It is important to note that the molecules can only be shifted in one direction along the 
chain axes to form the hydrogen-bonding network.  This breaks the mirror symmetry and 
gives supramolecular lamellae with a given chirality. The left-handed lamella shown in 







Figure 5.4: The schematic model of the two most stable structures of the 2-D lamellae. 
The molecules form supramolecular lamellae through the 2-D hydrogen-bonding network. 
The two lamella structures in (a) and (b) show mirror symmetry, which cannot be 
superimposed onto each other by any 2-D rotational or translational symmetry operation. 
These two chiral supramolecular lamellae are defined as left-handed (a) and right-handed 
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by any 2-D symmetry operation. This is similar to the phenomenon observed in Langmuir-
Blodgett (LB) films in which achiral molecules are found to separate spontaneously into 
lattices with chiral packing of opposite handedness [230]. Thus, Figure. 5.3(a) is a direct 
observation of a left-handed 2-D lamella domain. Furthermore, the perpendicular 
intermolecular distance d = 4.18 ± 0.95Å is in agreement with the 4.177Å hydrogen bond 
length measured from the carbon atom to the nitrogen atom in (C=O⋅⋅⋅H-N) [234]. A 
simplification has been made in the schematic in Figure 5.4 to be able to superimpose the 
adsorbate molecules on the HOPG lattice, namely the 2% difference in length of an alkyl 
C-C-C zigzag (2.51Å) and the graphite lattice constant (2.46Å) is ignored. This is readily 
seen for the first molecule at the top of Fig. 5.4(a). Each subsequent molecule in the 
lamella is then shifted by half a zig-zag and separated by a perpendicular intermolecular 
distance of d=4.18 Å (i.e. the hydrogen bond length). Measuring the angle between the 
molecular axis and the lamella gives a value of θ = 76.1º, which is in good agreement with 
the observed value of 75.8 ± 2.2º.  
Computer simulations show that linear alkanes tend to align themselves along the main 
axes of graphite due to structural registry between their carbon backbones with the HOPG 
lattice [162]. Such a configuration is also adopted by the system under study as revealed in 
Figure 5.5, which shows the HOPG substrate orientation with respect to the NND 
molecules. Based on this observation and the above discussion, it is concluded that Figure 
5.4 depicts the most stable structures of the lamella, where the hexagons in the 
background represent the graphite lattice.  
 
II. Domain Structure on the Surface 
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Inspection of Figure 5.2 reveals that the molecules self-assemble into six 2D 
polycrystalline domains. The six domains in Figure 5.2 can be divided into three sets 
(1,3,5; 4,6; and 2), with domains within each set showing the same lamella orientation.  
The relative angles between lamellae of differing domain orientation can be derived using 
the model shown in Fig 5.4.    
Specifically, the adsorbed molecules can only align themselves to the three fold 
symmetric graphite lattice by assuming the configuration described in Figure 5.4(a). The 
three possible orientations are represented by the three molecules labeled as A, B, and C in 
Figure 5.6, which are separated from each other by 120º. The molecular orientations in 
turn define three left-handed lamellae orientations along a, b, and c, respectively. The 
Figure 5.5: A 4.4nm × 4.4nm STM image of N, N’- dodecanomethylenebishexanoamide 
molecules physisorbed on a HOPG substrate taken at a tip-sample bias of –0.300V. A 
seven cell hexagonal lattice is superimposed on the image to assist in distinguishing the 
graphite lattice structure from molecules within the lamella. Close inspection reveals that 
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molecule-lamella angle (A-a, B-b, etc.) is equivalent in all three cases, measuring 
θ=76.10º clockwise. The NND molecules can also take three energetically and structurally 
equivalent orientations A’, B’, and C’, with the molecular backbones flipped over 
compared to A, B, and C. This defines three more lamella with right-handedness along a’, 
b’, and c’ (similar to those in Fig. 5.4(b)), each of which is at an angle θ=76.10º counter-
clockwise of molecule A’, B’, and C’, respectively.  As a result, the NND molecules can 
form six domains, which are separated into two sets with different supramolecular 
chirality. 
Figure 5.6: Schematic diagram illustrating the molecular and lamella orientations of the 
six possible domains of the monolayer. A, B and C represent three molecular orientations 
resulting in the left-handed lamella domains a, b, and c, respectively.  Flipped molecules 
A’, B’ and C’ result in the right-handed lamella domains a’, b’, and c’, respectively. The 
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The relative angles between each lamella as given by the model are listed in Table 5.2.  It 
is important to note that the relative angles at 0º, 60º, and 120º are between lamellae of the 
same handedness, while the relative angles around 30º, 90º, and 150º are between domains 
with opposite handedness. Measurements taken of the relative angles between domains in 
different images corroborate these findings.  
Figure 5.7 shows one image of a monolayer domain boundary supporting such a view. 
The angle between the lamellae of differing angular orientation is measured to be ϕ ≈ 30°. 
According to Figure 5.6 and Table 5.2, this measurement correlates to a domain boundary 
Table 5.2: Relative Angles between Domains as found from the model of Figure 5.6. 
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formed between neighboring domains of opposing chirality. In addition, neighboring 
domains having opposite handedness can also be observed in Figure 5.2 where the 
lamellae in domains 2 and 6 are oriented almost perpendicular to each other (ϕ ≈ 90°). 
Statistical analysis has been carried out to determine the distribution of the number of 
domains vs. the relative angles between the domains. The chart in Figure 5.8 represents an 
analysis for more than fifteen images. Note that the angular orientations have been 
converted to relative angles of less than 90º.  
The high population occurrences around 0º and 60º indicate that a large majority of the 
domains have similar chirality. The distribution about 60º is found to have a full width at 
half maximum (FWHM) of about 20º, and is reflective of a weak adsorbate/substrate 
interaction [235]. The two small peaks occurring around 30º and 90º can be attributed to 
Figure 5.7: A 42.7nm × 42.7nm STM image showing the orientation of lamellae in two 
neighboring domains of opposing handedness. ϕ in the figure is measured to be 
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neighboring domains with opposite chirality. Clearly, the equilibrated monolayer is 
dominated by domains of the same chirality. It is not possible to determine if domains of 
either chirality is preferred, although naïve intuition would indicate that such selectivity 
should be random in nature.  
 
III. Comparison between 2-D and 3-D Structures 
It is found that NND molecules crystallize in the form of fibers. Figure 5.9 shows x-ray 
diffraction (XRD) data obtained from a powder sample of the diamide molecules.  Most 
peaks correspond to diffraction from layered planes indexed as (00L). The layer thickness 
can be derived as d = 25.96 ± 0.21  Å, which is smaller than the length of the diamide 
molecules (about 31.5 Å).  Therefore, the molecules are expected to be tilted at an angle of 
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Figure 5.8: The statistical distribution of domains having different lamella orientations 
observed by STM. Measurements of angular orientation between lamellae of neighboring 
domains have been converted to relative angles of less than 90º.  The high population 
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be attributed to diffractions from intermolecular packing within individual layers, indexed 
as (100), (010), and (110).  This gives a 2-D unit cell of a = 4.73 Å, b = 4.02 Å, and an 
angle α = 70.65º.   
The (00L) diffraction is strong (up to the 7th order), and indicates that the layered structure 
is highly ordered with a uniform layer thickness.  However, the in-plane molecular 
packing only shows short-range order. There is no correlation between the molecules of 
neighboring layers, indicated by the lack of (101) or (011) diffraction peaks in Fig. 5.9.  
This is in contrast to the 2-D crystalline monolayer featured in Fig. 5.3(a), which shows a 
clear correlation between molecules in neighboring lamellae. 
Obviously, a cut-off along any low-index plane of the 3-D lamellae of the XRD study 
cannot give a structure similar to the 2-D lamellae observed by STM. This excludes the 
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Figure 5.9: XRD data from N,N’-dodecanomethylenebishexanoamide powder using Cu 
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graphite surface. The formation of the NND monolayer is an interfacial phenomenon 
driven by the adsorbate/substrate interaction.   
 
IV. Dynamic Motion of the Molecules in 2-D Lamellae 
Compared to chemisorbed SAMs, the NND molecules in the 2-D lamellae at the 
solution/graphite interface show a large dynamic motion at room temperature. Computer 
simulations show that there is a constant exchange of adsorbate molecules between the 
surface layer and the bulk solution even though the number of molecules adsorbed on the 
graphite surface does not vary [160]. Even after the formation of a full monolayer, 
molecules are in constant exchange with those in the solution phase and in neighboring 
domains, resulting in rapidly changing domain boundaries. This dynamic motion occurs at 
a time scale that can be clearly resolved by STM.  
Figure 5.10 shows four consecutive STM images taken at the advent of monolayer 
formation.  By monitoring the domain located at the upper right corner of Fig. 5.10(a), it 
becomes clear in the sequence of images that the lamellae of this domain spread over the 
entire area of the image. This dynamic behavior, also known as 2D Ostwald ripening 
[236], can be studied in real time by monitoring the boundary found between lamellae. In 
the example of Figure 5.10, a bright irregular boundary exists for the domain located at 
the top right hand corner, which extends leftward as time progresses. Continuous scanning 
over the same region indicates that the domain boundary moves back and forth erratically, 
but with a consistent trend towards “growth” of this domain. After ~14 minutes, the whole 
image is covered with a single ordered domain (Figure 5.10(d)). 
Zooming into the domain boundary reveals additional dynamic behavior, as shown in 
Figure 5.11. The domain boundary is confined between lamellae oriented at an angle of 
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approximately 60º. This corresponds to the symmetry expected for neighboring domains 
of similar chirality. Interestingly, the bright boundary between these two ordered domains 
is composed of well-defined triangular defects. Close inspection reveals that two 
(a) (b) 
(c) (d) 
Figure 5.10: STM images showing the growth of an ordered 2-D lamella domain at the 
early stage of monolayer growth.  The four consecutive scans were taken at a relative 
sequence of (a) 0 s, (b) 127 s, (c) 247 s, and (d) 846 s, respectively.  The XY range is 
175.8 x 175.8 nm2 and the Z range is 0.3 nm.  The tip bias was –0.700 V, tunneling 
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triangular edges are aligned with their respective lamellae while a single edge is aligned in 
the direction of a molecular axis (which is the domain on the right-hand side for the 
example of Figure 5.11(a)). Comparing the images in Figure 5.11 reveals that boundary 
motion between the two domains proceeds in a discrete manner i.e. the boundary moves 
by the addition or subtraction of discrete triangles, as measured on the experimental time 
scales. The origin of the marked contrast of each triangle is not known. However, since 
each triangle edge in Figure 5.11 is generally the length of a single adsorbate molecule, 
the triangles can be thought of as regions of instability where molecules can no longer 




Figure 5.11: 42.7 x 42.7nm2 STM images taken at a fixed scan position showing the 
dynamic behavior of triangular defects at the domain boundary. The two consecutive 
scans were taken at an interval of 201s with a tip bias of 0.350 V and a tunneling current 
of 203 pA. The scan rate was 5.6 Hz for this measurement. It can be seen that the 
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5.1.2 AFM of Octadecanol on HOPG (Solvent: Phenyloctane) 
The preferential adsorption and structuring of octadecanol (C18H37OH) on HOPG is 
explored in this work by AFM. Surprisingly, the study of simple physisorbed monolayers 
using AFM is sparse [118]. In contrast to STM investigations, AFM imaging reveals 
topographic information which is decoupled from the electronic structure of the system. 
The main disadvantage of using AFM is the comparatively poor image resolution imposed 
by the physical dimensions of the AFM tip. Despite this difficulty, the use of force 
spectroscopy makes AFM especially useful in relating topographic images to forces (e.g. 
solvation, friction) that can be present. Both imaging and force spectroscopy are used in 
concert in this work to study solvation effects of octadecanol at the solid-liquid interface 
and to demonstrate quantitatively the influence of the applied force on imaging 
characteristics.  
Previous STM studies show that octadecanol molecules closest to a graphite surface 
adsorb preferentially with the molecular axis of molecules in adjacent lamella oriented 
120° relative to each other and 60° with respect to the lamella direction, forming a 
fishbone-like pattern [55, 118, 237] (Figure 5.12). Interestingly, this pattern, which has 
been observed in octadecanol and other alkanols, is proposed to be a consequence of 
molecule-substrate commensurability effects combined with hydrogen bonding between 
the terminal hydroxyl groups [55, 118, 237, 238]. The hydrogen bonding between –OH 
groups gives rise to increased image contrast which can be observed between pairs of 
adjacent lamellae in STM [55, 237] and AFM [118] studies.  
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Experiments were carried out using a combination of Si (kc ~ 0.07N/m) and Si3N4 (kc ~ 
0.5N/m) cantilevers in solutions of 1-octadecanol dissolved in 1-phenyloctane at a 
concentration of 9mg/ml. Observations show that the formation of the octadecanol 
monolayer is spontaneous over the time it takes for the tip to approach the surface (~20 
minutes). AFM images of the octadecanol monolayer at different image resolutions are 
shown in Figure 5.13. These images were collected during a particular experiment using a 
Si3N4 tip (kc = 0.32N/m) with an applied load of approximately 0.5nN. Interestingly, 
imaging with forces greater than this value often resulted in image degradation. The 
applied force during scanning is known since force distance curves were measured 
following the collection of individual images.  
Figure 5.12: The arrangement of octadecanol on graphite resulting in the fishbone 
structure observed in STM experiments. The molecules adsorbed in adjacent lamellae 
have their molecular axis oriented at 120° relative to each other and 60° relative to the 
direction of the lamellae. Notice that the –OH groups of molecules found in adjacent 
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Figure 5.13: AFM images of an octadecanol monolayer on graphite preferentially 
adsorbed from solution (phenyloctane) taken with a Si3N4 tip (kc = 0.32N/m) at an applied 
load of ~0.5nN. (a) 2D crystalline domains many tens of nanometers in size with different 
lamellae orientations can be seen covering the surface. 150nm × 150nm topographic 
image. Z range is ~5Å. (b) Closer inspection of the domain boundaries reveal that 
lamellae are oriented 120° relative to each other reflecting the three-fold symmetry of the 
graphite lattice. 40nm × 40nm topographic image. Z range is ~5Å. The average width of 
the lamellae measures 23Å. (c) A 20 nm × 20nm friction image showing the fishbone-like 
pattern in adjacent lamella where molecules are angled at an angle of 60° from the lamella 
direction. The brighter contrast seen at repeat distances of 46Å correspond to the positions 
of the –OH groups. (d) A 11nm × 11nm topographical image. Pairs of adjacent lamellae 
are bounded by regions of marked contrast measuring 46Å apart (dotted arrows). 
Individual lamella with average widths of 23Å can also be distinguished although faint 






Chapter 5. Surface Induced Molecular Ordering 
 130
It can be readily seen in Figure 5.13(a) that domains of varying sizes are formed. The 
domain sizes vary from a few nanometers to tens of nanometers. Closer inspection 
reveals that boundaries are formed at the region where domains of different lamellae 
orientation meet. As seen in Figure 5.13(b), the lamellae are oriented 120° relative to 
each other, reflecting a strong dependence on the underlying three-fold symmetric 
graphite lattice. The average lamella width measured in this image is 21.9 ± 1.3Å, 
which corresponds to the width of octadecanol lamella found in previous work [55, 
118, 237].  
Differences in image resolution between AFM and STM are marked. The resolution of 
AFM topographic images are significantly poorer (compare Figure 5.13 with Figure 
5.3). However, it is known that images taken in friction mode may result in better contrast 
due to a more pronounced cantilever deflection in the lateral direction as compared to the 
deflection in the normal direction [205].  The use of friction imaging results in images 
which show fishbone-like structure within each lamella and regions of bright contrast 
having a periodicity of ~46Å (Figure 5.13(c)). These features correspond to similar STM 
observations. It is possible that the bright contrast seen in the friction image is due to 
interaction between the –OH groups and the Si3N4 tip, since friction is dependent on the 
local chemistry of the tip-sample contact. The final image shown in Figure 5.13(d) was 
taken in topographic mode. Note that the image contrast alternates every 23Å between 
bright and faint. This again confirms the similarity with STM data, from which one 
concludes that the –OH terminated ends of the octadecanol molecules in adjacent lamellae 
are arranged head on.   
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Figure 5.14(a) shows a typical force distance measurement (kc=0.32N/m) taken in 
octadecanol/phenyloctane on HOPG with the same tip used to scan the images in Figure 
5.13. Discrete force “jumps” are observed in addition to the attractive tip-substrate 
interaction. These features can be interpreted as standard oscillatory solvation effects. At 
least three clear solvation jumps can be seen. These jumps are located in the region 
between –4nm and 4nm in the deflection data shown (inset). It is assumed that hard 
contact is reached at high loads since no other solvation jumps are noticeable and images 
of the monolayer can be obtained. In this figure, the first (closest to the hard wall), second 
and third periodicities are approximately 3.5Å, 4.5Å, and 6Å with corresponding repulsive 
force maxima of 0.65nN, -0.07nN and -0.1nN, respectively.  
It is interesting to note that the periodicity increases with greater spacing between the tip 
and sample. If the periodicities are considered to be a measure of the thickness of each 
solvation layer and presumably are octadecanol since the periodicity (3.5Å) is close to that 
of adsorbed alkanes (see Table 4.1), then the results suggest that the molecules closest to 
the HOPG surface are tightly bound. The molecules in the solvation layers farther out 
exhibit significantly less intermolecular correlation as the forces involved are much 
weaker. Further, the changing periodicity suggests that some degree of mixing may be 
occurring between the octadecanol and the solvent. It is important to recall in this regard 
that AFM can sample phenomenon which have localized, short range order averaged over 
the time scale of the experiment, as was demonstrated for squalane. Similarly, mixing of 
liquid molecules near the interface does not necessarily imply that force oscillations will 
be “averaged” or smeared out, as short range correlations may remain.  
To understand this problem further, solvation force measurements were performed 
between a Si tip (kc~2N/m) and graphite in pure phenyloctane. Measurements regularly  
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Figure 5.14: (a) Force distance curve of the octadecanol/phenyloctane-HOPG system 
converted from the force vs. Z (piezoelectric displacement) data shown in the inset. The 
three clear solvation jumps have periodicities of 3.5Å, 4.5Å, and 6Å and are associated 
with the first, second and third solvation layers respectively with corresponding peak to 
peak force magnitudes of 1.0nN, 0.2nN, and 0.07nN. These jumps are located in the 
region between –4nm and 4nm in the deflection data (inset). (b) The solvation force 
profile of pure phenyloctane gives largely similar periodicities of about 6.6Å. The 
repulsive force maxima of the first, second and third solvation layers are measured to be 
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show 3 to 4 solvation jumps in a single approach cycle. A typical force distance curve is 
shown in Figure 5.14(b) and three solvation jumps with periodicities averaging about 6.6Å 
can be distinguished. The solvation force maxima corresponding to each of the three 
jumps are 2.1nN, 0.6nN, and 0.2nN, respectively.  
Two differences can be noted between the octadecanol/phenyloctane and pure 
phenyloctane force curves. First, even though solvation jumps can be observed in both 
cases, the forces involved in the octadecanol/phenyloctane system are smaller than those 
measured in pure phenyloctane. It should be stressed that this is a qualitative observation 
as the experimental uncertainties discussed in Chapter 4 (e.g. different tip roughness and 
shape, the current assignment of the hard wall separation of D=0) do not allow the two 
data sets to be adequately compared.  
The second difference involves the periodic trends of the solvation force profile for each 
system. The octadecanol/phenyloctane system has a periodicity of 3.5Å in the first layer, 
increasing to 6Å by the third layer. The phenyloctane system has 6Å periodicity over the 
entire range. The data strongly suggests that at least the first two solvation layers in Figure 
5.14(a) are predominantly comprised of preferentially adsorbed octadecanol. SFA and 
AFM solvation force measurements of linear alkanes show force oscillations with 
periodicity of ~4Å [80] and similar periodicity is observed in octadecanol since the 
molecules are comprised of an alkyl backbone. The 6Å periodicity measured in pure 
phenyloctane closely relates to the effective size of the phenyl group, which is estimated 
to be between 6-7Å [1]. The force periodicities in Figure 5.14(a) indicate a progressive 
weakening of the liquid-substrate interaction which gives rise to the first, tightly bound 
(3.5Å) solvation shell. It appears that the influence of the octadecanol molecules is limited 
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to only the first few solvation shells as the 6Å period measured in the third shell implies 
that phenyloctane is the dominating molecular species as expected at large separations. 
The overriding evidence that the first solvation layer represents a tightly bound layer of 
octadecanol comes, obviously, from the successful AFM and STM imaging of the 
monolayer structure [55, 237]. The images in Figure 5.13 were attained with an applied 
force of about 0.5nN. A careful examination of the corresponding force distance curve, 
shown in Figure 5.14(a), confirms that the images result from scanning within the first 
octadecanol solvation layer (i.e. applied load does not exceed ~0.6nN). Interestingly, 
increasing the force to about 0.7nN results in the degradation of image quality and raising 
the force past 1.0nN results in the complete disappearance of the monolayer. The sequence 
of images in Figure 5.15 illustrates this gradual destruction of the monolayer following 
increments in the applied force. These images were taken in succession over a fixed scan 
location approximately one minute apart. Force increments were executed immediately at 
the end of each scan.  
The sequence begins with an image scanned with an applied force of 0.3nN (Figure 
5.15(a)). The quality of this image is comparable to the image resolution seen Figure 5.13 
and resolution is generally maintained at forces below 0.6nN.  At a force of 0.8nN (Figure 
5.14(b)), features such as the alternating image contrast over consecutive lamella 
boundaries starts to blur. Increasing the force to 0.9nN ensures almost the complete 
degradation of the image (Figure 5.15(c)). Lamellae boundaries can no longer be clearly 
distinguished in this image. The images attained after further increases in force (not 
shown) were entirely devoid of any comprehensible monolayer structure. It is unclear if 
the monolayer is actually destroyed at higher forces. The lack of distinguishable features 
in the image indicates that the tip has either disrupted the monolayer structure or has 






Figure 5.15: (a)-(c) Image sequence illustrating the gradual degradation of the octadecanol 
image with increasing force increments. The 12nm × 12nm topographic images were 
recorded at a fixed scan location approximately 1 min apart. (a) Fcontrol=0.3nN. Typical 
high resolution imaging showing alternating image contrast over consecutive lamella 
boundaries. (b) Fcontrol=0.8nN. Onset of lamella degradation is apparent in this image. (c) 
Fcontrol=0.9nN. The lamellae have almost completely vanished. (d) The monolayer 
reappears as the force is reduced to 0.4nN. The resolution of this image indicates that the 
poor resolution seen in (b) and (c) is not a result of tip damage that might have occurred 
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punctured through it. Interestingly, the monolayer reappears immediately after the applied 
force is reduced to below 0.6nN, suggesting that the AFM tip pierces through the layer, 
rather than physically destroying the layer, at a threshold force of about 0.6nN. The 
100nm × 100nm image in Figure 5.15(d) was taken after the force was reduced from 
2.6nN to 0.4nN. The high resolution seen in this image shows that tip damage did not 
occur on the application of higher loads and is not responsible for the poor image quality 
in Figures 5.15(b) and 5.15(c).  
The excellent correlation between the topographic imaging and the force distance curve of 
Figure 5.14(a) verifies that the octadecanol monolayer closest to the graphite surface has 
been imaged. High-resolution imaging of the monolayer is possible within the measured 
force range of the first solvation layer. The poor image quality acquired when the applied 
force is increased past the repulsive force maxima of 0.65nN and the reversibility of the 
monolayer imaging implies that the tip penetrates the monolayer at these high force loads. 
 
5.1.3 AFM of Octadecanol on HOPG (Solvent: OMCTS) 
Studies conducted in solutions of 1-octadecanol in OMCTS at a concentration of 
2.5mg/ml on HOPG show similar fishbone-like formations of 2D lamellae at the solution-
graphite interface. Compared to phenyloctane, OMCTS is considered a poorer solvent as it 
is observed that the solution saturates at concentrations higher than 2.5mg/ml. An STM 
image of representative data is shown in Figure 5.16(a). The average lamella width is 
measured to be 23.7 ± 1.8Å, indicating that an octadecanol monolayer is present on the 
graphite surface [55, 237]. A complementary force distance measurement is shown in 
Figure 5.16(b). The periodic jumps in the force profile show that solvation effects are 
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Figure 5.16: (a) A 20nm × 20nm STM image showing octadecanol lamellae. The 
octadecanol molecules are preferentially adsorbed onto graphite from a solution of 
octadecanol and OMCTS. (b) The applied force curve measured in the same system with a 
Si3N4 tip with kc = 0.5N/m. The periodic solvation jumps, numbered in increasing order, 
are measured to be 4.6Å, 5.2Å, 5.1Å, 5.0Å, 9.3Å and 8.8Å, respectively. These 
measurements suggest the presence of octadecanol phases in solvation shells (1)-(4) while 
(5) and (6) are composed of OMCTS molecules. Variations in the solvation periodicity are 
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present. The six most distinct solvation jumps have periods of 4.6Å, 5.2Å, 5.1Å, 5.0Å, 
9.3Å and 8.8Å, respectively, beginning with the solvation layer closest to hard wall 
repulsion (D=0). The corresponding repulsive force maxima are 0.15nN, -0.09nN, 
0.01nN, 0.05nN, 0.10nN and 0.10nN, respectively.  
These results confirm the general finding of section 5.1.2 that different chemical species 
of varying structure can form discrete co-existent molecular layers at the solid-liquid 
interface. As discussed previously, the data strongly suggests that the first to fourth 
solvation layers measure periods that correspond to octadecanol phases while the fifth and 
sixth layers have periods indicative of OMCTS. Close inspection reveals the onset of an 
attractive force at D~20Å i.e. the fourth solvation layer. This is reflected in the trend of the 
repulsive force maxima, which begins in the positive force regime (solvation layers (5) 
and (6)), starts to decrease in the fourth layer until the second layer at a value of –0.09nN 
is reached, and then increases at the first solvation layer to a value of 0.15nN. Such an 
effect is qualitatively different from that observed in a pure OMCTS system (see section 
4.2.1) but similar to observations made in the octadecanol/phenyloctane system (previous 
section). This may suggest the presence of additional hydrophilic forces interacting 
between the Si3N4 tip and the –OH groups present in the octadecanol layer(s).  
A detailed understanding of the confined liquid cannot be given at present as data is 
sparse. Many more comparative studies must be done, particularly using different tips. A 
simplistic, physical model one can propose is that the octadecanol layers closest to the 
surfaces are strongly bound and appear “solid-like” i.e. the molecular mobility is low. 
Thus, to the OMCTS fluid, the confined octadecanol presents a hard barrier and the 
OMCTS can order against it when confined. An interesting extension of this hypothesis is 
the greater number of octadecanol layers in OMCTS (Figure 5.16) compared with 
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phenyloctane (Figure 5.14). The solubility of phenyloctane is high and the observation of 
only one (possibly two) octadecanol layers may reflect the ready ability to mix with the 
solvent at separations distant from any substrate influences. In comparison, OMCTS is a 
poorer solvent for octadecanol and hence mixing is less favored and the octadecanol tends 
to form a thicker layer near the substrate.  
These findings for octadecanol/OMCTS support the results of the octadecanol/phenyloctane 
system. Analyses of force distance curves in the two systems validate STM observations 
which indicate that octadecanol is preferentially adsorbed on graphite compared to 
phenyloctane [55, 237] and OMCTS. This is manifested as smaller periodicities observed 
in the first few solvation layers immediate of the graphite surface.  
 
5.1.4 AFM of Hexadecane on HOPG (Solvent: OMCTS) 
Force distance measurements were carried out on HOPG in a binary mixture of 
hexadecane and OMCTS with a hexadecane mole fraction of xhex=0.2. A representative 
force distance curve is shown in Figure 5.17. A Si3N4 cantilever having a spring constant 
of kc≈0.5N/m was used. The force profile exhibits solvation jumps within 20Å of the 
graphite surface with solvation layer periodicities of 3.6Å, 3.8Å, and 8.8Å starting from 
the hard wall repulsion (D=0). The force profile is similar to the measurement made in the 
octadecanol/OMCTS system (Figure 5.16). The first two jumps (1, 2) measure periods 
close to the width of a hexadecane molecule and the third jump the diameter of an 
OMCTS molecule. A difference between the two solvation force profiles (Figures 5.16 
and 5.17) is the lack of an attractive trend in the hexadecane/OMCTS data. This is 
consistent with the conjecture that in the octadecanol/OMCTS system enhanced attraction 
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is caused by an additional hydrophilic force interaction between the Si3N4 tip and the –OH 
groups of the octadecanol. This effect does not occur with hexadecane since it is nonpolar.   
As discussed in the previous section, the features seen in Figure 5.17 suggest that the two 
hexadecane layers at the surface are tightly bound. An abrupt transition takes place 
between the second (hexadecane) and third (OMCTS) solvation layers as indicated by the 
large change in force (0.6nN). Clearly, these effects originate from the molecular structure 
of both liquids. Hexadecane is a relatively long alkane with a length of 23.6Å [80] and 
structurally in close registry with the graphite lattice whereas OMCTS is a spherical 
molecule with no commensurability with the graphite. Computer simulations [158-162, 
171] and neutron scattering [163, 225, 226] of alkane mixtures show that preferential 
adsorption of the longer molecules (in this case hexadecane) takes place at the solid-liquid 
Figure 5.17: Force distance curve of hexadecane/OMCTS mixture on graphite. 
Periodicities ((1) to (3)) are 3.6Å, 3.8Å, and 8.8Å with corresponding repulsive force 
maxima of 0.92nN, 0.67nN, and 0.10nN, respectively. The original deflection data is 
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interface, resulting in the formation of an ordered monolayer. The observations of this and 
previous sections corroborate these conclusions. 
 
5.2 Pure Liquid Systems 
It has been theoretically predicted that organic molecules such as alkanes and alkanols 
form physically adsorbed monolayer films on solid surfaces [239]. Computer simulations 
indicate that alkanes can adsorb from the pure liquid onto the basal plane of graphite [124] 
and other solid surfaces [167, 169, 170]. Such effects have been noted in neutron 
scattering observations [127]. However, the literature reveals only one STM [58] report on 
the self-assembling properties of pure heptadecane (C17H36) and pure decanol (C10H21OH) 
on HOPG and two reports of AFM experiments made in dodecanol [117] and octadecanol 
[118]. Research efforts have been dominated by the use STM in studying the preferential 
adsorption and self-assembly of solute molecules on HOPG from solution [10, 59, 60].  
The experimental results reported in this Chapter indicate that molecules similar in 
structure to the surface lattice can influence the composition of solvation layers in liquid 
mixtures. A combination of force measurements and imaging will now be used to 
investigate physical adsorption in pure liquids on HOPG. The results indicate that for 
hexadecane the solvation layers closest to the graphite surface can self-assemble into 
solid-like monolayers with in-plane lateral ordering. In contrast, other liquids tested 
(OMCTS, squalane) do not result in molecular resolution images and the reasons for this 
observation are briefly discussed. 
 
5.2.1 AFM of Hexadecane on HOPG 
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The results attained for pure hexadecane on HOPG confirm computer simulation 
predictions that the liquid molecules form stable ordered monolayers covering the graphite 
surface [124]. Experimental heats of adsorption and simulations show a close match of the 
distance between hexagons centers of the graphite lattice (2.46Å) and the distance 
between alternate methylene groups of the hydrocarbon backbone (2.51Å) [240]. Such a 
matching allows the methylene groups to be located over the centers of the hexagons of 
the graphite lattice, providing approximately commensurate packing of the alkane 
molecules. Figure 5.18 is a schematic of the structuring. The model has the axis of an 
adsorbed hexadecane molecule along the lattice direction of the underlying graphite. The 
molecular plane containing the carbon atoms of the hydrocarbon backbone is parallel to 
Figure 5.18: Schematic diagram of hexadecane molecules adsorbed on a graphite surface 
as suggested in the literature [59]. Hexadecane molecules lie in an all trans geometry with 
the molecular axis parallel to the graphite surface along a graphite lattice direction. The 
molecules are known to self-assemble into ordered lamella with the molecular axis 
perpendicular to the lamella direction. Note that the 2% offset between the molecular C-C 
bond length (2.51Å) and the graphite lattice constant (2.46Å) is not reflected in this 
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the graphite surface resulting in the formation of highly ordered, two-dimensional lamella 
with the hexadecane molecular axis perpendicular to the lamella direction. Such a 
configuration has been observed in STM images of pure heptadecane physisorbed on the 
graphite surface [58].  
Figure 5.19(b) shows an AFM topographic image of a hexadecane monolayer physisorbed 
onto graphite. Lamella structures are observed. The theoretical length of a hexadecane 
molecule is calculated to be approximately 21Å [234]. By taking into account the unfilled 
graphite hexagons located between each lamella (see Figure 5.18), the lamella width is 
estimated to be about 26Å. This is in agreement with other approximations for the fully 
extended length of a hexadecane molecule [80]. Experimentally (e.g. from Figure 5.19), it 
is found that the average lamella width is 25.9±1.9Å. 
The line scan in Figure 5.19(b) represents the height profile marked by the dotted line in 
the image. From such line scans, the average height of a lamella is measured to be 
3.53±0.29Å. This value is close to the measured periodicity (~4Å) of the solvation jumps 
as shown in the accompanying force distance curve (Figure 5.19(a)). Furthermore, the 
applied force during imaging is fixed at 5.1nN which maintains the tip within the force 
range corresponding to the first solvation layer (see Figure 5.19(b)). Both of these 
observations show that the monolayer image in Figure 5.19(b) corresponds to the lateral 
arrangement of hexadecane molecules in the first solvation layer.  
Interestingly, the hexadecane monolayer behaves differently from the situation where 
monolayers are preferentially adsorbed from solution. Figure 5.20(a) shows lamellae with 
average width of 28.2±1.5Å spanning over regions more than a hundred nanometers in 
size. This is unlike N, N’- dodecanomethylenebishexanoamide or octadecanol monolayers 
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(section 5.1.1 and 5.1.2), which show images containing many domains only tens of 
nanometers in size. Ostwald ripening, defect propagation at domain boundaries, and other 
types of dynamic behavior are not observed in hexadecane. Computer simulation predicts 
that the dynamic behavior of a hexadecane monolayer at the graphite surface is slowed as 
entropic effects are too small to induce desorption of the chains from the surface [124]. In 
addition, competitive adsorption in mixed liquid systems is absent in pure liquids. Hence, 
the adsorption of hexadecane on graphite in pure liquids leads to a larger solvation force 
Figure 5.19: (a) Force distance curve taken in hexadecane on HOPG (Si tip, kc=2.34N/m). 
The average periodicity of each layer is approximately 4Å. (b) 12nm × 12nm topographic 
image of hexadecane on HOPG (Si tip, kc=0.1N/m). Hexadecane molecules self-assemble 
into lamella measuring 25.9±1.9Å normal to the lamella direction. This image was 
collected in contact mode at an applied load of 5.1nN. The cross section window below 
features the height distributions along the dotted line in the image. The lamella height of 
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maxima in the first solvation layer as compared to the mixed systems (see sections 5.1.2-
4) and other pure liquid systems (see Chapter 4).  
The imaging force can also be used be varied (Figures 5.20(b)-(d)) to elucidate image 
contrast mechanisms. Figure 5.20(b) displays a 12nm × 12nm image attained in contact 
mode at a force setpoint of 3.9nN. This imaging force lies within the range of the first 
solvation layer (see Figure 5.19(a)). High resolution is obtained and individual molecules 
can be observed aligned along a graphite lattice direction at approximately 90° to the 
lamella direction. Increasing the force to 6.1nN degraded the image resolution, as shown 
in Figure 5.20(c). This force is slightly larger than the first solvation force maxima seen in 
Figure 5.19(a). The lamellae outline is still observed but the finer detail is not present. 
This behavior can be readily explained using a model proposed by Pethica [241] in which 
the tip apex penetrates a soft overlayer (in this case the first solvation layer) to contact the 
substrate whilst a substantial fraction of the mechanical load on the tip remains supported 
by the overlayers. The force curve (Figure 5.19(a)) shows that the tip penetrates to the 
surface at 6.1nN whilst the lamellae in the corresponding image of Figure 5.20(c) shows 
that the load on the tip is substantially modulated by the first solvation layer. This is the 
first experimental evidence directly supporting the models of Pethica [241] and Lynden-
Bell [112, 149] on the importance of soft overlayers or liquids in AFM imaging.  
Increasing the imaging force from 6.1nN (top section of Figure 5.20(d)) to 6.8nN results in an 
essentially featureless image (lower section of Figure 5.20(d)). Presumably the tip has either a) 
entirely disrupted the hexadecane monolayer or b) at the higher force, the tip loading is 
dominated by the tip-substrate contact and tip-monolayer forces are much weaker. 
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Figure 5.20: Topographic images of a hexadecane monolayer taken in contact mode at 
varying force. (a) A 100nm × 100nm image scanned at a force of 1.4nN. The average 
lamella width is 28.2±1.5Å. (b) A high resolution 12nm × 12nm image attained at a force 
of 3.9nN. The average lamella width is 27.0±1.9Å. Individual molecules are aligned along 
a graphite lattice direction at approximately 90° to the lamella direction. (c) A 20nm ×
20nm image taken at a force of 6.1nN. The image resolution seen in (b) is degraded. (d) A 
20nm × 20nm image recorded over the same area as (c). The partial monolayer in the 
upper portion of the image was imaged at a force of 6.1nN. The force is suddenly 
increased to 6.8nN at the position marked by the arrow and this results in the 
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Subsequent imaging at 6.8nN did not show images showing the structure of the underlying 
graphite surface. Some form of tip damage may have occurred. Moreover, it is more likely 
that the imaging conditions are not favorable. It is well known that even for an elastic 
contact at low loads the tip-sample contact area is substantially larger than atomic 
dimensions, typically more than a nanometer for a tip of radius of ~10nm [23]. “Atomic 
resolution” contact mode images of HOPG are really images of many unit cells. The force 
modulation on the tip as it moves over the regular periodicity of the lattice gives rise to the 
artifact that single unit cells are imaged. Thus, images of the HOPG lattice are obtained by 
a judicious choice of applied load, cantilever tip and spring constant, and by monitoring 
both normal forces and friction forces during imaging. As discussed in Chapter 3, friction 
forces can often give the best image contrast in contact mode and this is the case for the 
hexadecane-HOPG system. Simulations find that lattice-resolved friction images can be 
obtained with an AFM tip due to atomic scale stick-slip [215, 242]. Carpick et al have 
even proposed that this behavior is responsible for all atomic-lattice contrast images 
obtained in contact mode AFM [216].  
Preliminary results of friction force experiments using much softer rectangular Si3N4 levers 
(kc≈0.02N/m) resulted in friction images with high resolution. Figures 5.21(a)-(b) are 
examples of such images recorded for a HOPG surface immersed in hexadecane at an image 
force of 1.2nN. Graphite atomic corrugations are observed with a larger scale periodic 
modulation in the contrast every 22.1±0.8Å, which corresponds to the length of a hexadecane 
molecule. Figure 5.21(a) is the friction signal monitored as the tip transverses from left to right 
across the surface while Figure 5.21(b) is the right to left friction signal. There is a noticeable 
shift between the images due to the well-known friction hysteresis [210]. 
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Figure 5.21: 7nm × 7nm friction images of hexadecane on HOPG recorded with a Si3N4
tip (kc≈0.02N/m) transversing from (a) left to right and, (b) right to left (Note: The relative 
shifts in both images are the result of friction hysteresis). The images reveal hexagonal 
graphite lattice symmetry with a contrast modulation every 22.1±0.8Å indicative of 
adsorbed hexadecane lamella. The simultaneously monitored raw signal is shown in the 
oscilloscope traces (c) to (f). (c) The friction signal measured over several line scans of 
the image. Regular “sawtooth-like” stick-slip features repeat every scan cycle (arrows 
show the start of a scan line). (d) Zooming into one cycle (region bounded by dotted lines 
in (c)) shows each half-cycle is composed of three features, which correspond to the three 
lamella seen in the images. Each half-cycle (regions bounded by dotted lines in (d)) shows 
that each of these features is similarly comprised of approximately 8 or 9 smaller stick-
slip events (arrows in (e) and (f)) which are the bright “atoms” in (a) and (b).  
(a) 









 Friction Signal (a.u.)
(d) 































 Friction Signal (a.u.)
(f) 























Chapter 5. Surface Induced Molecular Ordering 
 149
Oscilloscope traces (Figures 5.21(c) - (f)) used to monitor the AFM friction signal showed 
distinct stick-slip behavior as the tip traversed the surface.  Figure 5.21(c) is a sample of 
typical raw data simultaneously recorded during the scanning of images 5.21(a) and (b). 
The data reveals periodic modulations in the friction signal during each scan cycle (a scan 
cycle is the friction signal recorded during a single image line as the tip transverses the 
sample from right to left and then left to right). Comparisons made with friction 
measurements on bare graphite (see Figure 3.14) show that the data is qualitatively 
different in the hexadecane-graphite system in that three large stick-slip events occur 
every half-scan cycle as seen in Figure 5.21(d). These correspond to the three hexadecane 
lamella present in the friction images. Zooming in on each of the half-scan cycles (Figures 
5.21(e) and (f)) show a further eight or nine smaller stick-slip events over each lamella 
region, which correlate to the underlying graphite lattice.  
It is unlikely that the images presented here are of “true” atomic resolution given that the 
measured tip radius is Rtip ~30nm. Nevertheless, it is clear that the presence of the 
hexadecane monolayer on the graphite surface causes a marked variation in the frictional 
forces acting between the tip and the surface. Specifically, the lamella structures give rise 
to stick-slip which is superimposed on the HOPG lattice stick-slip.  
 
5.2.2 Other Liquids 
The same methodology (force curves and imaging) has been applied to other pure inert 
liquids, namely OMCTS and squalane, at the graphite surface. The force curves showed 
clear solvation layering (see Chapter 4). During imaging in these liquids, the force used 
was controlled to be within the first solvation layer, as discussed in the preceding section. 
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However, unlike the case in hexadecane, topographic and friction images obtained in 
liquids consisting of spherical (OMCTS) and branched (squalane) molecules did not 
indicate any clear periodic structuring of the molecules at the interface. This outcome can 
be plausibly explained by a combination of the following: 
1) Structural incommensurability: 
The large (~9Å) spherical structure of OMCTS is incommensurate with the 
graphite lattice. Squalane has a molecular backbone structure similar to a linear 
alkane but the presence of six methyl side branches can disrupt lateral ordering. 
The structural mismatch of both these liquids with the graphite surface 
prevents any long-range periodic ordering at the surface. This is reflected in the 
weaker solvation force maxima in comparison with hexadecane. Lateral 
ordering, if any, is short-range (~1nm) and hence cannot be imaged.       
2) AFM resolution: 
Image resolution is restricted by the size of the AFM tip-sample contact area 
and imaging of short-range ordering is unobtainable. Only periodic lattice 
surfaces can be mapped out with high image contrast [215, 242].  
3) Force control and sensitivity:  
The smaller solvation force maxima observed in OMCTS and squalane is an 
indication that these molecules are less tightly bound and can be more readily 
ejected from the tip-sample cavity. The force exerted by the tip during 
scanning can disrupt the monolayer if not controlled carefully.  
 
5.3 Summary 
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The utility of AFM techniques in studying liquid behavior at solid surfaces has been 
demonstrated and can be advantageous over STM since the applied force used during 
imaging can be combined with solvation force curves to provide structural information of 
the adsorbate covered interface. Several systems have been experimented with to study the 
behavior of molecules at the solid-liquid interface. It can be concluded that linear alkanes 
and alkanols having molecular structures commensurate with the underlying graphite 
lattice structure are preferentially adsorbed from solution at the graphite surface. The 
molecules self-assemble into domains of lamellae whose structure and orientation is 
defined by the graphite lattice. Similar behavior is observed for pure hexadecane at the 
graphite surface, excepting that the hexadecane monolayer appears to be more 
dynamically stable with homogenous packing over a hundred nanometers. No lateral order 
was observed for pure OMCTS or squalane within the resolution limitations of the AFM. 
Long-range order is lacking in these systems presumably due to the lack of structural 
registry with the graphite lattice. Solvation force measurements show that force maxima 
are largest in the hexadecane system, intermediate in squalane, and least in OMCTS. 
Hence, although confinement can induce ordering normal to the substrate surface, the 
extent of lateral ordering can vary depending greatly on the structure of the molecular 
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Chapter Six 
Conclusion and Outlook  
The goal of this work has been to use AFM to study the solvation force in confined 
molecular liquids. It can be considered a direct extension of the research work done using 
the SFA in the last two decades. The advantages of using AFM include: i) the ability to 
explore solvation effects brought about by nanoscale confinement (i.e. smaller lateral 
length scale compared with SFA), ii) flexibility in the choice of substrate used, and iii) 
simultaneous force and topographic/friction imaging.  
Direct force measurements have been performed in combination with a sample modulation 
technique, which has an enhanced sensitivity in force measurements. The results of 
experiments conducted in various liquids on HOPG reveal novel observations not seen in 
SFA data. First, oscillatory behavior is always observed regardless of the liquid molecular 
structure. Characteristic features seen in the interaction stiffness data reveal that the 
layering of molecules in the tip-sample cavity normal to the sample surface can be unique 
for liquids of different structure. In particular, oscillatory forces were observed in 
squalane, a result which agrees with computer simulation but differs markedly from SFA 
observations. Second, the magnitude of the normalized force observed in liquid alkanes 
(i.e. hexadecane and squalane) is much larger compared to SFA force measurements. This 
effect is not evident in OMCTS. The differences between these AFM observations and 
SFA results are attributed to the smaller confinement area in AFM and the different 
chemical nature of the surface (HOPG in AFM, mica in SFA).   
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It is understood that the structuring of liquid molecules at the solid-liquid interface is 
general to all liquids. However, the degree of structural affinity between the liquid 
molecules and the underlying substrate lattice is a consequence of the local geometric 
symmetry. Commensurate liquid-solid systems display long-range lateral order and self 
assemble into crystalline monolayers. This was observed in AFM and STM studies of 
preferential adsorption from solution and in experiments in a pure liquid (hexadecane). 
This behavior gives rise to the large repulsive force maxima observed in solvation force 
measurements of pure alkane liquids on HOPG. It can be concluded that although 
confinement can induce ordering normal to the substrate surface, the extent of lateral 
ordering can vary depending greatly on the structure of the liquid and the substrate 
involved, giving rise to quantitative differences in solvation force measurements. An 
interesting corollary of these studies is that as predicted from computer simulations, the 
presence of tightly bound solvation layers can affect AFM imaging at the solid-liquid 
interface. 
The variability of AFM solvation force measurements can be linked to the roughness and 
asymmetry of the tip apex. Experiments with spherical beads glued to the tip apex also 
showed oscillatory solvation forces even though the bead surface is not molecularly 
smooth. The observed oscillatory behaviour can be taken as an “averaging” of the 
oscillatory forces over individual asperities of the bead. It is concluded that the oscillatory 
behaviour of the solvation force does not entirely vanish for randomly rough surfaces, 
which have surface features larger than the molecular size of the mediating liquid.  
The understanding of liquid mediated surface interactions by AFM has barely begun to 
“scratch” the surface. The strength of the AFM lies in its ability to probe nanoscale 
interactions and hence the great promise in uncovering phenomenon at the atomic and 
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molecular level. For instance, the role of solvation forces in nanoscale friction and 
lubrication i.e. nanotribology, is still not clear. The results reported here are of a static 
nature. Future experiments need to focus on the dynamic behavior of liquid molecules at 
the solid-liquid interface. This can be carried out by using a combination of AFM friction 
/force spectroscopy and imaging techniques. Obviously, a larger variety of substrates and 
liquids can be tested in future experiments. More interesting would be to study the role of 
liquid structural forces in softer media such as in biological systems. In this respect, more 
advanced AFM techniques are needed to overcome the resolution limit of AFM in liquid 
environments. There is promise for true atomic resolution to be achieved in non-contact 
AFM imaging at the solid-liquid interface and this would enable researchers to study 
softer surfaces and molecules. Importantly, the techniques used for AFM tip 
characterization must be further improved and made more accessible.  
It remains to be seen if AFM will be able to unravel interesting fundamental science to 
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